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ABSTRACT

Two experiments utilizing male broilers were conducted to determine the
effect of different levels of dietary zinc, and sources of dietary fatty acids on
growth performance and immune competence of broilers raised under heat
stress conditions. Broilers were raised in thermoneutral (TN, 23.9 C) , or heat
stress (HS, 35 C) environments. In experiment 1, broilers were fed low zinc (Low
Zn, 32 mg/kg), control ( NRC recommendation), and high Zn (control+ 100 mg
Zn/kg) diets. In experiment 2, the birds were fed corn oil, fish oil , and fish oil+ Zn
diets. Cellular immunity was assessed by using a Sephadex stimulation method
to recruit abdominal exudate cells (AEC) and their phagocytic ability determined.
Humoral immunity was determined by injecting birds intravenously with 1 ml of
7% sheep red blood cells (SRBC) followed by evaluation of serum for total, lgM,
and lgG antibody titers.
Results indicated that HS consistently caused a reduction in growth
performance as well as in both cellular and humoral immune responses. Zn did
not impact growth performance. Lymphoid organ weights, primary and
secondary antibody responses, incidence of macrophages in AEC, phagocytic
ability of macrophage for opsonized and unopsonized SRBC, and plasma and
tibia Zn concentrations were all significantly reduced by heat stress.
Total, lgM, and lgG antibody titers were highest (P<0.001) among birds
fed high Zn diets for both primary and secondary responses. Number of AEC

V

recruited (P<0.01 ), number of macrophages in AEC (P<0.008), number of
phagocytic macrophages, as well as the number of internalized SRBC for
opsonized and unopsonized SRBC (P<0.001), were all increased with high Zn
diets. Plasma Zn concentration was unaffected by level of Zn, while tibia Zn
concentration increased (P<0.001) with high Zn.
Performance of broilers was unaffected by dietary fatty acids. Lymphoid
organ weights were not changed with added fat. Total, lgM, and lgG antibody
titers were increased (P<0.001) with fish oil+ Zn for both primary and secondary
responses. Number of AEC, and macrophages recruited were not affected by
dietary fatty acids. Phagocytic ability and number of internalized SRBC were
increased (P<0.002) with both fish oil diets.
Feeding broilers diets supplemented with Zn, as well as fish oil may
improve the birds' ability to mount an effective immune response.

(Key words: Zinc, heat stress, broilers, fatty acids, immune response)
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PART1
INTRODUCTION

INTRODUCTION
High ambient temperature distress is a major problem affecting broiler
performance. This is of great concern to producers and consumers alike due to
the economic impact. The main consequence of heat stress is a reduction in
feed intake leading to a depression in growth rate (Austic, 1985; Geraert et al. ,
1996). The average body temperature of poultry is approximately 41.5 C. They
experience heat stress when the ambient temperature and relative humidity
exceeds their comfort level. An environmental temperature of 35 C is normally
desirable for brooding chicks but becomes increasingly uncomfortable as the
birds get older. Extensive research has been conducted exploring ways to
combat this problem. These include nutritional manipulation, diet modification,
optimizing the birds' environment, and selection of strains for heat tolerance
combined with high productivity.
Other consequences of heat stress have been reported. Thaxton et al.
(1968) demonstrated experimentally that high ambient temperatures affect the
development of a specific immune response. When chicks were immunized with
sheep red blood cell antigen after exposure to temperatures of 41 to 45 C, the
ensuing antibody response was depressed. These findings were later confirmed
by Subba Rao and Glick (1970). High temperature also affects cell-mediated
immunity by depressing the phagocytic potential of chicken macrophages during
in vitro heat stress conditions (Miller and Qureshi, 1991).
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The reduction in feed intake caused by exposure to high temperature
alters the physiological state of the bird trying to cope with the stress. This
affects the concentration of nutrients required to maintain health and productivity.
Studies have shown a redirection of nutrient flow to meet the metabolic
requirements of an immune or inflammatory response (Bauman and Currie,
1980).
Dietary manipulation of some nutrients result in immunoregulatory
consequences due to the participation of the nutrient or its products in cellular
communication. Nutrient recommendations for animals are typically developed
based on production criteria and rarely consider the immune system in setting
recommendations. However, this is being addressed more vigorously by
scientists as more knowledge of these nutrients become available.
Zinc is one of the more extensively studied trace minerals for its critical
role in the functioning of the immune system. It has already been established
that zinc is required for maximum performance, particularly the relationship
between dietary zinc intake and growth. Growth retardation was observed to
occur at low zinc intake (Swinkels et al ., 1994). This was previously
demonstrated by Miller et al. ( 1968) when pigs fed a zinc-deficient diet had low
weight gains and low feed conversion efficiencies. Similarly, broilers fed a low
zinc diet had significantly lower weight gains than those fed adequate zinc.
Zinc's role in immunity involves both cell-mediated and humoral immunity
(Chandra and Dayton, 1982). It is believed that zinc modulates the immune
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functions through its association with metalloenzymes involved in rapid cell
division. Reports are controversial regarding the effect of zinc-deficiency on the
immune response. Kidd et al. (1992) observed an increase in cellular immunity
in progeny of dams fed supplemental zinc as well as increased antibody titers to
sheep red blood cells in both dam and progeny. However, Stahl et al. (1981a)
found no effect of zinc on antibody titers. Reports have indicated that zinc-deficiency results in atrophy of thymic and other lymphoid tissues (Prasad and
Oberleas, 1971), for example, a decrease in growth of spleen and thymus were
observed in zinc deprived dams (Beach et al. , 1982).
The quantity and type of fatty acids in the diet have also been reported to
influence the immune response (Beisel et al. , 1982; Klasing, 1992). However,
the specific effects are quite controversial. Numerous investigators have looked
at saturated, monounsaturated, and polyunsaturated fats, specifically the ratio of
the n-6 and n-3 fatty acids to determine how each affects the immune response.
Fritsche and Cassity (1992) fed different fatty acid sources containing n-6 and n3 fatty acids to broilers. Results showed no differences in primary and secondary
antibody responses to SRBC. However, in a previous study by the same authors
utilizing the same dietary fat sources, broilers fed the fish oil (n-3) diets had
higher antibody titers to SRBC than those fed the corn oil (n-6) diets. Similar
enhancement of antibody production by fish oil was observed in mice (Prickett et
al. , 1982), while no difference was found in chickens (Phetteplace et al. , 1989),
and rabbits (Kelley et al., 1988).
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So far, no explanation has been suggested for the lack of consistency in
the effect of these nutrients on immune functions in birds. Some speculations
are that age of the bird , diets, and type of immunogen used at time of challenge
could be factors (Delhanty and Solomon, 1966). Time between challenge and
harvest could also influence results.
Reports by Forbes and Swift (1944) indicated that during heat stress
exposure, the heat increment of broilers can be reduced by increasing the level
of dietary fat because of its specific dynamic effect. Furthermore, Fuller and
Mora (1973) observed improved growth in chicks under heat stress conditions
when the heat increment of the diet was reduced by substituting fat for
carbohydrates.
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RESEARCH OBJECTIVES
The focus of this project was to evaluate the performance and
immunocompetence of broilers reared in a heat stress environment, and how
manipulating the diets would improve their performance. Zinc and dietary fats
are two nutrients that have been studied widely with respect to their effects on
the immune system of chickens, however, only limited evidence exists on how
they would respond if the birds were subjected to heat stress. Experiment 1
evaluated the performance, as well as the cellular and humoral responses of
heat stressed broilers when different levels of zinc were utilized. Experiment 2
evaluated these same parameters utilizing different fat sources providing both n6 and n-3 fatty acids from corn oil and menhaden fish oil, respectively.
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LITERATURE REVIEW
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LITERATURE REVIEW
Impact of High Environmental Temperature on Performance of Broilers

Environmental temperature is one of the forces of nature that shapes an
animal's life in terms of its effect on production and reproduction performances,
as well as on its overall health and well being. Birds normally have higher bQdy
temperatures than mammals (Dawson and Schmidt-Neilson, 1964). The
average body temperature of the bird is approximately 41.5 C (Whittow, 1976).
This refers to the temperature of the deep-seated tissues and organs that
constitute the core of the body, as opposed to the superficial tissues, such as the
skin. This deep body temperature is regulated within narrow limits, whereas the
temperature of the peripheral tissues may vary considerably in different parts of
the body (Whittow, 1986). When the ambient temperature-relative humidity
exceeds the comfort level of the birds, they experience heat distress. However,
this response is dependent on such factors as genetic make-up (Scholes and
Hutt, 1942; Ram and Hutt, 1955), age (Austic, 1985), sex (Bray, 1983), body size
(Hutt, 1938), and physiological state of the bird. At hatching, a temperature of 35
C is acceptable for brooding whereas after three weeks of age this temperature
would illicit a heat stress response (Smith, 1994). Hutt (1938) reported that
deaths from heat prostration were three times as numerous in larger breeds like
the White Plymouth Rocks and Rhode Island Reds than in White Leghorns when
they were exposed to environmental temperatures of 38 to 40 C for three
consecutive days.

8

Heat stress can lead to physiological changes by the bird in order to cope
with the deep body heat. These changes have been reviewed extensively
(Romijn and Lokhorst, 1966; Ota, 1967; Siegel, 1968; Smith and Oliver, 1971 ;
Howlider and Rose, 1987; Danker, 1989; Geraert et al. , 1994; Smith, 1994). The
physiological changes associated with heat stress involve reduced feed intake in
order to reduce metabolic heat production which contributes to the total heat
production (Teeter et al., 1985; Geraert et al., 1996); increased water
consumption; vasodilation, enhancing heat transfer from the body core to the
skin sites and eventually to the environment; behavioral changes such as
dunking their heads in the drinking water in order to cool off, extending the wings
away from the body thereby increasing exposure of the body surface to the
environment resulting in heat dissipation, sitting on cool floors, or huddling
against walls; hyperventilation, this becomes the predominant and most
important means of dissipating heat when environmental temperatures are very
high (Curtis, 1981).
The major consequence of heat stress is a reduction in feed intake leading
to a depression in growth rate (Austic, 1985; Geraert et al. , 1996). Austic ( 1985)
reported that this reduction in feed intake is approximately 17% per 10 C
increase in ambient temperature above 20 C. This results in inadequate nutrient
intake leading to a deficiency of important nutrients needed for normal
development. After exposing broiler chicks to chronic heat of 32 C, Geraert et al.
(1996) reported a 14% decrease in feed intake between 2 to 4 weeks of age, and
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a 24% decrease between 4 to 6 weeks of age when compared to those reared at
22C.
Effect of High Environmental Temperature on Nutrient Requirement
It is well known that a reduction in feed intake is one of the consequences
of heat stress. This reduction means that adequate amounts of the required
nutrients for growth, reproduction, and health are unavailable. Similar effects of
high environmental temperature have been reported in swine (Morrison et al.,
1975; Close, 1978) and cattle (Kume et al., 1998). Several attempts have been
made to increase the energy intake of heat stress broilers comparable to those in
a thermoneutral environment. Smith (1983) precision-fed various levels of a
balanced diet to heat stressed broilers and found an increase in feed
consumption and body weight gain closer to an amount normally observed in a
thermoneutral environment. However, in the same experiment, an increase in
feed intake was accompanied by a decrease in bird survival. There have been
mixed results in manipulating the energy content of heat stressed broilers, for
example, Dale and Fuller (1979) reported that about half the growth reduction
effect of chronic heat exposure was not related to feed intake, but involved other
factors.

There have been several reports indicating a deficiency in minerals as a
result of a reduction in feed intake (Deetz and Ringrose, 1976; Smith and Teeter,
1987; Belay et al., 1992). El Hussieny and Creger (1981) subjected broilers to a
32 C temperature environment for 42 days. They observed a lower Ca, Cu, Fe,

K, Mg, Mn, Na, P, and Zn retention. Similar results were reported by Teeter et al.
(1992) under cycling temperature heat stress conditions of 24 C- 35 C. Heat
stress effects were partitioned into urinary and fecal losses, and an increase
excretion of K, P, S, Mg, Cu, Mo, and Zn, were observed. Most of these were
primarily in the urine. It was concluded that heat stress adversely impacts mineral
balance.
Heat Exposure and Immune Response of Chickens

It has been well documented that high environmental temperature affects
the development of specific immune responses in the chicken (Thaxton et al .,
1968; Subba Rao and Glick, 1970; Thaxton and Siegel, 1970; Jamadar and
Jalnapurkar, 1994). It has been shown that continuous exposure to elevated
temperatures reduces immune responsiveness and multiple daily exposure does
not (Subba Rao and Glick, 1970; Thaxton, 1978). They concluded that the
critical factors therefore, must be the duration and timing of the heat treatment
with regard to the time of immunization. A series of experiments were conducted
by Thaxton and Siegel (1970) to determine whether established antibody levels
could be reduced by high environmental temperature. The birds were immunized
with either sheep red blood cells (SRBC), bovine serum albumin (BSA), or killed
Salmonella pul/orum. All three antigens resulted in hyperimmune levels of

circulating antibodies. However, when the birds were exposed to high
environmental temperatures ranging from 41. 7 C to 43.3 C, circulating antibodies
were depressed. In another study, Thaxton and Siegel (1972) investigated the
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effects of high environmental temperature on secondary immune response to
SRBC and BSA. Birds immunized with SRBC and exposed to 24 hours of heat
showed a depression in antibody titers by the third day but was comparable to
non-heated controls after that. Those receiving BSA developed antibody titers
normally. However, in a subsequent trial employing these same antigens and
heating period , a depression in antibody titers was noted after the primary
immunization but was unaffected by heat in the secondary response. These
researchers concluded that heat-induced immunosuppression was highest when
birds were subjected to heat prior to the initial formation of antibody.
A review by Cheville (1978) also suggests an inhibition of the primary
immune response as a consequence of high environmental temperature. Two
possible pathways by which environmental factors influence the immune
response of chickens were hypothesized. The first was that immunosuppression
resulted from a direct inhibition of plasmocytes, lymphocytes, and macrophages,
and second, environmental factors may act indirectly by way of the adrenal gland
by stimulating the synthesis and secretion of adrenal corticosteroids which in turn
suppress, or in some cases, lyse antibody forming cells.
In a series of trials by Gross and Siegel ( 1979), overheating of chicks that
were artificially selected for high and low antibody responses to SRBC showed
lower titers in the high line compared to controls, while the low line had higher
titers. Similar results were obtained by Denker et al. (1990).
Cell-mediated immunity has also been reported to be adversely affected
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by high environmental temperature (Miller and Qureshi, 1991). These
researchers observed a decrease in the phagocytic potential of chicken
macrophages during in vitro heat stressed conditions.
Although there are no readily apparent explanations of how environmental
temperature affects the immune response, several postulations have been
offered (Claman, 1965; Glick, 1967; Gisler and Schenkel-Hulliger, 1971 ; Thaxton,
1971 ; Hester, 1977). The most widely held explanation is that acute exposures
stimulate the hypothalamus-hypophyseal-adrenocortical axis causing the levels
of glucocorticoid hormones in the circulation to increase. It has been established
that glucocorticoids suppress immunity as well as exerting an adverse effect on
the cellular integrity of both primary and secondary immunological tissues. A
drug known to block adrenal synthesis of the major glucocorticoids was
administered to chickens prior to heat exposure and immunodepression was
lessened (Thaxton and Siegel, 1973). A previous report, however, does not
support this explanation. Meyer et al. (1964) showed that exogenous
corticosterone, which is reported to be the major steroid secreted by the avian
adrenal (Frankel , 1970), did not suppress the humoral immune response to
SRBC. Similar observations were made by Sato and Glick (1970).
Nutrition and Immunity
One of the determinants of an animals' response to infection is its
nutritional status (Keusch, 1979; Watson, 1984; Gershwin et al. , 1985). The
detrimental effects of a deficiency of nutrients (energy, protein, minerals,
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vitamins) on immunocompetency has been well reviewed (Chandra and
Newberne, 1977; Beisel, 1982; Miller, 1985). The concentration of nutrients
required in the diet to maintain health and productivity is affected by the
physiological state of the animal. Physiological function and nutrient
requirements are interrelated (Latshaw, 1991). An immune response or
inflammatory reaction can alter the physiological state of the animal (Beisel,
1977). Other studies have reported a redirection of nutrient flow to meet the
metabolic requirements of an immune response or an inflammatory response
(Bauman and Currie, 1980). This redirection of nutrients during an
immunological response has not been studied as thoroughly in the avian species
as in mammals, however, some of the changes have been reported to be similar
(Beisel, 1977; Klasing et al., 1987).
The effects of mineral nutrition on the immunocompetence of avians has
been studied very little. In trials done by Pimentel and Cook (1987), a deficiency
of both sodium and chloride decreased the humoral response to SRBC. Among
the trace minerals, zinc, copper, iron, and selenium have been studied for their
effects on immune function . There is evidence that there is a redistribution of
zinc during immunological stress. Plasma zinc was greatly reduced and hepatic
zinc was found to be more than four times the amount lost from plasma (Klasing,
1984). Zinc absorption is enhanced by monokines, with the majority localizing in
the liver (Pekarek and Evans, 1976; Beisel, 1977). It is therefore possible that the
requirement for zinc is increased.
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It has been documented that the amount and type of fatty acid in the diet
impacts the immune response (Hedgecock, 1948; Solotorovsky et al. , 1961 ;
Beisel, 1982; Olson et al. , 1987; Klasing , 1992). The specific effects however,
are controversial. Major focus has been placed on the polyunsaturated fatty
acids. This will be discussed in more detail in a later section.
Zinc Metabolism
It has become increasingly clear that most trace elements function through
their association with enzymes and other proteins, nucleic acids and other
macromolecules (reviewed in Prasad , 1966). Although the presence of zinc has
long been established as an essential nutrient in both plants and animals, only in
recent years has it been possible to discern the manner in which this element
participates in metabolism. The first indication of the mode of action of zinc was
its role as part of the enzyme, carbonic anhydrase which catalyzes the
dehydration of carbonic acid and participates in the elimination and incorporation
of carbon dioxide (Keilin and Mann, 1940). Since then the presence of zinc
metalloenzymes has been recognized in all classes of enzymes, with catalytic,
structural, regulatory, and non-catalytic functions (Galdes and Vallee, 1983).
Enzymes in which zinc plays a catalytic role shows, through x-ray
analysis, that zinc is bound to three protein ligands and a water molecule
(Prasad, 1993). The presence of this water molecule signifies an open
coordination site essential for the role of zinc in catalysis. In enzymes where zinc
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plays a structural, or non-catalytic role, the zinc atom is fully coordinated by four
protein ligands.
Zinc is a constant constituent of plasma and serum, erythrocytes and
leukocytes. It is present in a loosely bound form as in metal-enzyme complexes,
in a firmly bound form as metalloenzymes, or it can function in stabilizing the
tertiary structure of nucleic acid and protein macromolecules (Vallee, 1976). Zinc
is released from its dietary ligands, mostly proteins, and becomes attached to low
molecular weight intestinal ligands such as histidine, cysteine and other amino
acids, which makes zinc available to the intestinal microflora (Prasad , 1993).
Most of these ligands are of dietary origin, however, some could be of
endogenous origin such as metallothionein. Some investigators (Menard and
Cousins, 1983) believe that zinc uptake by high molecular weight proteins in the
intestinal mucosa is an active process requiring ATP, whereas uptake by low
molecular weight proteins such as metallothionein, may be passive. It is believed
that the uptake of zinc by the intestinal cells is bidirectional, from the intestinal
lumen, and from the blood supply.
Reports have indicated that zinc absorption is significantly increased
during zinc deficiency (Evans et al. , 1975; Cunnane, 1982; Flanagan et al.,
1983). The mechanism by which zinc is transported across the mucosa! surface
is unknown, however, both transferrin and albumin have been proposed as likely
serum proteins involved in transport of zinc (reviewed in Prasad, 1993). Zinc
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becomes associated with metallothionein in the intestinal cell, but its precise role
is not well understood.
Tissue distribution of zinc varies greatly with different tissues (reviewed
in Prasad, 1966). Studies with isotopic zinc showed rapid deposition and highest
turnover rates in pancreas, liver, kidney, pituitary, and adrenals. Slower
deposition occurred in muscle, brain, testes, skeleton, and teeth.

Zinc and Broiler Performance
The National Research Council recommendation for zinc in poultry ration
is 40 mg/kg diet. However, because zinc is now known to be necessary for so
many diverse enzymatic, and other physiological processes, experiments are
continually being conducted to find the most effective source and level, from
either organic or inorganic zinc for maximum performance. Of particular interest
are the studies investigating the relationship between dietary zinc intake and
growth. Growth retardation observed at low intakes of zinc can be partly
accounted for by overall depression of feed intake (Swinkels et al., 1994). This
was previously demonstrated by Miller et al. (1968). In their study, performance
was determined for groups of pigs receiving different amounts of dietary zinc.
Pigs fed zinc deficient diets had lower weight gains and poorer feed conversion
efficiencies than controls.
Supplementation of broiler diets with zinc from both organic and inorganic
sources and a wide range of levels have been done by researchers. This has led
to inconsistent reports on the best source and amount that effect maximum
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response. Experiments in which broiler chicks were supplemented with 1500
ppm zinc from zinc sulfate showed a depression in feed consumption and body
weight (Henry et al. , 1987; Sandoval et al., 1997). These authors did not
observe the same results when zinc oxide was substituted for zinc sulfate. As
seen from the above experiments, zinc deficiency, or excess, can lead to a
depression in growth rate. One explanation is that when zinc levels are low, the
appetite of the animal remains depressed leading to a reduction in intake and
therefore lowered weight gain. On the other hand, if levels of zinc are too high,
repletion of the depleted tissues with zinc occurs too rapidly (Swinkels et al. ,
1994).
Body weights of chicks fed 48 and 125 µg zinc/g of diet were significantly
greater than those of chicks fed 8 or 25 µg zinc/g (Pimentel et al. , 1991). This
was consistent with reports from Kidd et al. (1994) who found a 6% increase in
body weight gain of young turkeys fed diets supplemented with zinc methionine.
In a previous study, those authors reported that the addition of supplemental zinc
in the diet of hens with either zinc oxide or zinc methionine resulted in no
significant differences in feed conversion or average body weight of either hens
or their progeny.

Zinc and Immunity

There are many enzymatic reactions that take place in an immune system
during an immune response (Cunningham-Rundles and Cunningham-Rundles,
1988). Since zinc has been shown to be associated with enzymes in all enzyme
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classes, there is evidence suggesting a direct and specific linkage between zinc
and immunity at both cellular and humoral levels. An example is the thymic
hormone thymulin which was found to be dependent on zinc for its activity
(Dardenne et al. , 1985). When thymulin activity was lost after treatment with a
substance (Chelex-100) that blocks this hormone, activity was restored after
subsequent addition of zinc (Dardenne and Bach, 1993). Thymulin activity
therefore, affects lymphocyte development in the thymus. Superoxide
dismutase, a zinc containing enzyme, is well known for protecting cells and
tissues from superoxide ion damage (Bannister et al. , 1971 ; Lindskog et al.,
1971). The process of phagocytosis by polymorphonuclear leukocytes and
macrophages is accompanied by a sequence of events which includes a sharp
increase in oxygen uptake. This increase in oxygen results in the formation of a
number of highly reactive oxygen reduction products including superoxide ions
(Cheson et al., 1977; Babior, 1978). These reactions are referred to as the
respiratory, or oxidative burst. The reactive oxygen metabolites are used by the
phagocytes in the destruction of bacteria, fungi, and protozoa. However, during
zinc deficiency, these metabolites can lead to numerous deleterious effects such
as lipid peroxidation, and oxidative damage to DNA and chromosomal proteins
(Burke and Fenton, 1985; Coppen et al., 1988; Szeberi et al. , 1988),
subsequently leading to compromised cellular functions (Bray and Bettger,
1990). Therefore, zinc is essential for the integrity of cellular functions requiring
zinc-containing enzymes.
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Zinc and Immune cells: The immune system consists of various cell
types that are involved in protecting the animal against infections. It has been
established that zinc is important for normal immune functions. All cells of the
immune system originate in the bone marrow and migrate to different organs for
maturation.

Lymphocytes:_Like all blood cells, lymphocytes are derived from the
pluripotential hematopoietic bone marrow stem cells. In chickens, there is a
migration of hematopoietic stem cells from embryonic yolk sac and liver by day 9
or 10 of embryonic life followed by proliferation and differentiation into T
lymphocytes presumably under the influence of a thymus hormone (Owen,

1972), and B lymphocytes which synthesize the immunoglobulins (Cooper et al. ,
1972). There is also evidence supporting the export of these lymphocytes from
the thymus and bursa to the peripheral lymphoid tissues, spleen, and caecal
tonsils, beginning day 18 and 20 of embryonation.
Zinc deficiency is known to produce thymic involution and loss of T cell
function (Cunningham-Rundles and Cunningham-Rundles, 1988). This thymic
atrophy and loss of T helper cell function due to zinc deficiency was originally
observed in mice (Fraker et al, 1977; Leucke et al. , 1978; Dowd et al. , 1986), and
pigs (Shanklin et al., 1968). Studies with chickens that were fed diets containing
added zinc (25 or 50 mg/Kg of diet) showed an increase in lymphocyte numbers
(Makled et al. , 1973) when compared to controls fed a basal ration containing 19
mg/Kg Zn.
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Lymphocyte proliferation is altered by inadequate levels of zinc
(Cunningham-Rundles and Cunningham-Rundles, 1988). This is probably due to
an impairment in DNA synthesis which also depends upon zinc, through
deoxythymidine kinase, a zinc-dependent enzyme (Prasad, 1993). Cellular
functions are also impaired due to a decrease in DNA and RNA polymerases
which are both zinc metalloenzymes (Duncan and Hurley, 1978). One study in
rats showed a significant decrease in spleen lymphocytes when fed a zincdeficient diet (Mengheri et al. , 1988).
The Granulocytes: This group of immune cells include heterophils, the

avian equivalent to mammalian neutrophils, eosinophils, and basophils. They
contain abundant cytoplasmic granules and are classified according to the
staining characteristics of their predominant granules. These cells play important
roles in inflammation and natural immunity and function to eliminate microbes
and dead tissues. Eosinophils are phagocytic cells that respond rapidly to
chemotactic stimuli, by engulfing and destroying foreign particles (Abbas et al. ,
1994). The role of zinc in eosinophil function is unknown.
Basophils secrete the vasoactive amines, histamine and serotonin, which
are the chemical mediators of immediate hypersensitivity reactions (Abbas et al.,
1994). Basophils are known to contain high levels of granule-associated zinc
(Marone et al. , 1981), and it was suggested by these authors that zinc has an
inhibitory effect on histamine.
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Heterophils are also phagocytic cells that emigrate from blood through
venules concurrently with monocytes during immunogen infiltration (Klasing,
1991). However, heterophil infiltration is usually heaviest early in the process
and gives way to monocytes later (Figure 1)*. It has been suggested that low
plasma zinc aids mammalian neutrophils in phagocytic and bactericidal functions
(Chvapil et al., 1977; Beisel, 1982). It is believed that optimal neutrophil function
can occur when zinc concentration is below average.
Mononuclear Phagocytes: The mononuclear phagocytic leukocytes

consist of the macrophages. They function to ingest immunogens, process them,
and present them to the T lymphocytes in a form suitable for initiating the
immune response (Benjamini and Leskowitz, 1991). Avian macrophages
represent the first line of defense against infectious microorganisms once
physiological barriers are broken (Dietert et al., 1990), and maintain integrity of
innate immunity. Cells of mononuclear phagocytic system originate in the bone
marrow and after maturation, enter the peripheral blood as monocytes.
There are varied reports on the effect of zinc on mononuclear phagocytes.
A decrease was observed in zinc deficient humans (Chvapil et al. , 1977; Wirth et
al. , 1984), whereas Weston et al. (1977) found no effect. In an experiment with
mice fed zinc deficient diets, Wirth et al. (1989) reported less phagocytosis by
peritoneal macrophages when compared to mice receiving zinc adequate diets.
When the culture medium was supplemented with zinc, phagocytosis and killing

• All Figures may be fOlllld at the end of this Part 2
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functions of the macrophages were restored . Macrophages harvested from the
peritoneal cavity of rats and guinea pigs fed diets containing a very high level of
zinc (2000 ppm), or injected with zinc sulphate, were inhibited in their ability to
mobilize and phagocytose Staphylococcus a/bus (Karl et al. , 1973). In the same
experiment, the control animals fed 40 ppm zinc and those fed the zinc deficient
diets showed enhanced migratory activity and phagocytosis. These results do
not agree with several other reports; for example, in a review by Fletcher et al.
(1988), low concentrations of zinc inhibited the killing of Escherichia coli,
phagocytosis of yeast, and oxygen consumption , by macrophages. Still another
report indicated that macrophages from zinc deficient mice were unable to kill
Trypanasoma cruzi after they were engulfed (Fraker et al., 1985).

Zinc and Immune tissues: It is known that zinc deficiency in
experimental animals results in atrophy of thymic and lymphoid tissues (Prasad
and Oberleas, 1971). Zinc deficient pigs were reported to have markedly
reduced spleen and thymus weights as well as reduced peripheral lymphocyte
counts (Miller et al. , 1968; Shanklin et al. , 1968). Gross et al. (1979) did not find a
significant difference in spleen and thymus weights of zinc deprived rats ,
however, there was a depressed response of these organs to pokeweed mitogen
by 50% compared to controls indicating a reduction in function . In another
experiment (Pimentel et al., 1991) chicks were fed various levels of zinc ranging
from 8 to 88 µg zinc/g of diet. Results showed inconsistency in organ weights.
Chicks fed the 8 µg zinc/g diets had smaller bursal and thymus weights after 5
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weeks compared to the other groups, however, after 7 weeks, these same chicks
had larger bursa weights than the other groups. These researchers were not
able to explain the cause for the change in response with time. Other
researchers have shown that even the progeny from zinc deprived dams had
reduced immune organ weights (Beach et al., 1982).
Reports by Fraker et al. (1977) showed that it was zinc deficiency and not
the reduced feed intake or reduced growth associated with feeding a zinc
deficient diet that was responsible for atrophy of thymus and spleen.
Zinc and Infections: As mentioned previously, the level of zinc required

to effect an immune response is controversial. Severe depression in immune
functions has been reported in zinc deficiency in man and experimental animals
(Chandra and Dayton, 1982; Mengheri et al., 1988; Sherman, 1992), affecting
both cell-mediated and humoral immunity. In trials conducted by Kidd et al.
(1992) supplemental zinc methionine in the diet of broilers increased cellular
immune response in their progeny. Primary antibody titers to Salmonella
pul/orum and SRBC were also increased in both dams and progeny fed the zinc
supplemented diets. Similar findings were observed in breeding hens fed zinc
deficient diets (Stahl et al., 1989a). However, in a controlled study (Stahl et al.,
1989b) antibody titers to SRBC of chicks fed various levels of zinc were
unaffected.
Burns (1983) reported that chicks maintained on a zinc-deficient diet from
14 days of age had reduced antibody response to bovine serum albumin when
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assessed by the presence or absence of fluorescent antibodies. Decreased
antibody response was also observed in zinc-deficient mice (Fraker et al., 1977;
Beach et al. , 1980). In other experiments, Pimentel et al. (1991) fed chicks two
levels of zinc (25 or 125 µgig of diet) and found no effect on primary antibody
response to SRBC six days after inoculation, however, chicks fed 125 µgig zinc
diet had significantly higher lgG titers than pair-fed groups at 9 days
postinoculation. In one of their experiments, they observed an increased
antibody response when chicks were fed the lowest level of zinc (8 µgig Zn).
They surmised that this surprising result could be dependent on breed of bird.
During an infection in poultry, plasma and serum zinc concentrations are
decreased. This was observed in several experiments utilizing microorganisms
such as Eschericheria coli (Tufft et al. , 1988), and Salmonella gallinarium (Hill,
1989), as infectious agents. This sequestration of zinc from plasma and serum
during infection is not well understood, however, it has been shown that some
bacteria uses zinc as a growth factor (Klasing, 1984). In an experiment where
chicks were injected with Salmonella gallinarium, supplementing the diet with 500
mg Zn/kg did not prevent a decrease in serum zinc levels (Hill , 1989). Chandra
and Puri (1985) showed zinc-deficient rats to be more susceptible to infections

with microorganisms than those given the zinc-adequate diets.
Recently, amino acids complexed to minerals have been marketed as
feed additives. The most widely used is the zinc-methionine organic complex
(Zinpro Corporation , Eden Prairie, Mn). Other zinc-amino acid complexes have
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been made available by this company. Metal amino acid complexes result from
complexing a specific soluble metal salt, such as zinc with an amino acid or a
combination of amino acids in a 1:1 ratio (Figure 2).
There is conflicting evidence of the bioavailability of zinc from these amino
acid complexes compared to inorganic zinc. It has been shown that zinc
methionine is more biologically available than zinc sulfate when measuring levels
of zinc in tibia of chickens (Wedekind et al. , 1992). This is in contrast to other
studies showing no difference in performance, or serum zinc levels, after feeding
zinc methionine, and an inorganic zinc salt, in pigs (Hill et al., 1986), and heifers
(Spears, 1989). In a study conducted by Quarles (1997), broilers fed diets
supplemented with a zinc poly-amino acid complex, reached the greatest
average body weight, reduced mortality, and reduction in coccidiosis lesion
scores, when compared to control (0% Zn) , zinc methionine, and zinc
methionine+zinc lysine complex. However, a follow-up study by the same author
utilizing the same diets and animals showed no differences in the parameters
mentioned above.
So far, there is very limited information in the literature on the effect of the
poly-amino acid complexes on immune response, however, it is expected to be
similar to the other zinc amino acid complexes such as zinc-methionine.

Dietary Fat and Broiler Performance
Much of the energy supply to broilers is as fatty acids, the major one being
linoleic acid. The National Research Council (NRC, 1994) recommendation is
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1% added to the diets of poultry. However, numerous researchers are
continually conducting studies evaluating the type and amount that results in
maximum performance. This has led to a variety of conflicting reports. An
experiment was conducted examining the effect of increasing levels of dietary
polyunsaturated fatty acids (PUFA) in broiler chickens (Friedman and Sklan .
1995). The diets contained fat added at 3, 9, or 12% from either palm oil or
soybean oil. Diets had no effect on growth or feed consumption. Pinchasov and
Nir (1992) fed a mixture of dietary fats and also found no difference in body
weights and feed intake, although feed:gain ratio increased linearly with an
increase in dietary PUFA.
Reports on the feeding of fish oil (Menhaden) to broilers have been
conflicting. Menhaden oil is rich in the n-3 fatty acids. Broiler chicks were fed
diets containing 7% of either lard, com oil, flaxseed oil, or menhaden fish oil
(Fritsche and Cassity, 1992). They found no differences in body weights or
feed:gain ratio. This was inconsistent with a previous study by Fritsche et al.
(1991) using starter pullets and the same fat sources except canola oil replaced
flaxseed oil. Chicks fed the fish oil diet had greater body weight gain and feed
intake than any of the other diets. Menge (1970) also observed increased growth
rate after feeding 5% menhaden fish oil compared to safflower and coconut oils.
Other investigators have reported a depression (Edwards and Marion, 1963;
Denbow, 1998), and no difference (Phetteplace and Watkins, 1992) in growth
rate after feeding fish oil diets to chickens. One explanation for the depression in
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growth was that the fish oil was not stabilized with antioxidants thereby
decreasing the palatability of the diets from autoxidation. Menge et al. (1965)
reported that the PUFA of menhaden oil stimulated the reproductive
characteristics of the hen , while Edwards et al . (1962) have shown that
menhaden oil has a stimulatory effect on growth of chickens.
When com oil was fed to mice at 0% and 13% of the diet (DeWille et al. ,
1979), there was a significant decrease in body weight after 70 days in mice
receiving the 0% com oil diet.
The energy requirement of broilers increases at temperatures above the
zone of thermoneutrality since additional calories must be used to dissipate heat
(Brody, 1945). Energy deficiency during heat stress could be caused by reduced
feed intake, resulting in turn from the discomfort of dietary heat increment. Heat
increment can be reduced by increasing the level of dietary fat because of its
associated dynamic effect (Forbes and Swift, 1944). The use of fat has the
additional advantage of increasing energy density of the diet so that less feed
must be consumed to meet the energy requirement (Dale and Fuller, 1979).
Improved growth in chicks under heat stress were observed (Fuller and
Mora, 1973) when the heat increment of the diet was reduced by substituting fat
for carbohydrates, calorie for calorie. In another experiment (Dale and Fuller,
1979), broiler chicks were fed diets where a percentage of the energy from fat
was increased by replacing corn starch with fat. Birds were exposed to 31.1 C
temperature, and the results showed that the birds on the high fat diets gained
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significantly more body weight than those on the carbohydrate diets. However,
this increase was similar at both temperatures, indicating that the beneficial
effects of dietary fat was independent of temperature.
Kubena et al. (1972) found higher mortality in 8 week-old broilers fed 7%
fat diets as compared to those fed 1% fat. This was after the birds were
subjected to 40.6 C temperature for 2 hours. Jones and Barnett (1973) reported
that feeding 0, 3.5, and 7% added fat had no effect on turkeys resistance to
hypothermia.
Dietary Fats and Immunity
Fatty acids contained in dietary fats serve many important functions apart
from storing and transporting forms of metabolic fuel. These include providing for
the essential fatty acid requirements, acting as structural components of
membranes, and serving as precursors for eicosanoid production (Fritsche et al.,
1991b). Several investigators have studied the effects of dietary fats on immune
responses (Gurr, 1983; Johnston and Marshall, 1984; Johnston, 1985; Fritsche
et al. , 1991 ; Fritsche and Cassity, 1992; Friedman and Sklan, 1995). A review of
the specific effects of the type and level of dietary fat on the immune system has
indicated controversy (Johnston, 1988). Several different types of dietary
manipulations have been used, such as, levels of dietary fat, essential fatty acid
deficiency, saturated vs. polyunsaturated fat, different ratios of n-6 to n-3 fatty
acids, and a combination of the above. In a review by this author,
polyunsaturated fatty acids have been generally known to depress the response
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of lymphocytes to mitogens and antigens, however, results differ depending on
the source of the cells. A deficiency of essential fatty acids enhances
mitogenesis, and either decreases or increases antibody production in rats and
mice. This deficiency has also been linked to delayed-type hypersensitivity
reaction which is a measure of T cell function. Increases in the amount of n-3 to
n-6 fatty acids have been found to decrease the synthesis of prostaglandins of
the 2- series (PGE2), which have been implicated in modulating the immune
response (Johnston, 1988).

Metabolism of Dietary Fatty Acids as they relate to Cells of the Immune
System
Most dietary fats are triglycerides differing in their fatty acid composition.
The amount and ratios can differentially influence biological activities (Erickson et
al. , 1992). During digestion, fatty acids are released from the triacyglycerols and
absorbed as free fatty acids. After absorption, these fatty acids can be
reacylated into triacylglycerols and enter systemic circulation. Most dietary fats
are metabolized by j3-oxidation in tissues to provide a source of energy, while
some are incorporated into the structure of membranes as components of
phospholipids. These phospholipids are required for the integrity of intracellular
and plasma membranes (Erickson et al., 1992), specifically the 20 and 22 carbon
fatty acids.
Changes in immune cell fatty acid composition and eicosanoid production
are thought to be two of the mechanisms through which dietary fats modulate
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immune cell function (Johnston, 1985; Kinsella et al. , 1990). These eicosanoids
are formed from arachidonic acid (20:4n-6), and other precursors by way of the
cyclooxygenase and lipoxygenase pathways (Figure 3). They are all derived
from the essential fatty acids linoleic (18:2n-6) and a-linolenic (18:3n-3) fatty
acids by a series of alternating desaturation and elongation steps (Figure 4) .
Dietary fatty acids may indirectly affect many cell functions by influencing
permeability as well as fluidity of membranes depending on the amount and type
of fatty acids (Kinsella et al., 1990). It is believed that a deficiency of the
eicosanoids, or excessive or abnormal balance of the types produced , may result
in inflammation or suppression of the immune system (Stenson and Parker,
1980; Calder et al. , 1992). Little is known about the role eicosanoids play in
avian disease, but there is evidence of its influence in immune response and
disease resistance in chickens (Rose et al. , 1988), particularly since they are
implicated as one of the mechanisms by which fatty acids influence the immune
response.
The type and amount of PUFA dictates the fatty acid composition of lipids
in hen egg yolk and in tissues of growing chicks (Phetteplace and Watkins,
1990). Lymphocytes grow, proliferate, and change metabolically when they are
involved in antibody synthesis or cell-mediated reactions. These reactions may
be determined by the fatty acid composition of the phospholipids of the
membrane, whose fatty acid profile can be altered by diet thereby influencing
function (Johnston, 1988). This in turn influences the fluidity of the membrane,
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as well as permeability, cell-to-cell interaction, and enzyme activity. A higher
degree of unsaturation of the fatty acids is usually associated with a less rigid
membrane.
The alteration of macrophage fatty acid composition by dietary fat has
been studied . Macrophage phospholipids have been modified to reflect the fatty
acid composition of the diet, which in turn alters the production of the
immunomodulatory lipids such as prostaglandins and leukotrienes (Ruco and
Meltzer, 1978; Johnson et al. , 1983). To determine the effect of dietary fish oil on
the tumoricidal capacity of macrophages, mice were fed 10% of either menhaden
fish oil, safflower oil, or hydrogenated coconut oil (Somers et al., 1989; Hubbard
et al., 1991). Macrophages obtained from mice fed fish oil had decreased
capacity to kill tumor cells when compared to those from safflower oil and
hydrogenated coconut oil. These authors did not observe any differences
between dietary groups in the phagocytosis of SRBC by these macrophages.
Klasing (1988) reported that activated macrophages from chickens fed a diet rich
in n-3 fatty acids produced significantly less PGE2, one of the arachidonic acid
metabolites. This metabolite has been reported to suppress mammalian T
lymphocyte proliferation (Baker et al. , 1981), and natural killer cell activity
(Brunda et al. , 1980). Also, certain precursors of PGE2 have been demonstrated
to suppress IL-2 production by T lymphocytes (Santoli and Zurrier, 1989). The
production of IL-2 and the subsequent T lymphocyte proliferation are required for
an effective acquired immune response. These findings are consistent with
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those in mammals indicating that n-3 fatty acids may reduce eicosanoid
s¥nthesis thereby influencing the proliferation, and IL-2 production by T
lymphocyte.
Dietary Fat and Immune Response

It has now been established that the quantity and type of fat fed to animals
can influence their immune response. Numerous investigators have looked at
the saturated, monounsaturated and polyunsaturated fats, and specifically the
ratio of the n-6 to n-3 fatty acids to determine how each type affected the immune
response. So far, results have been conflicting which is an indication that more
research needs to be done.
In one study (Fritsche and Cassity, 1992), 7% of each of four fat sources
(lard, corn oil, flaxseed oil, fish oil) were fed to broiler chickens. Results showed
no differences in primary or secondary antibody responses to SRBC, or to
antibody-dependent cell cytotoxicity (ADCC) by peripheral leukocytes. These
results did not agree with the results from a previous experiment from this same
laboratory (Fritsche et al., 1991) where chickens fed the fish oil diets had greater
antibody titers to SRBC than those fed the other diets. These results were
substantiated in a second trial by these authors. Similar enhancement of
antibody production by fish oil was observed previously in mice (Prickett et al.,
1982). Contrary to these findings, other reports have indicated no difference in
antibody production in chickens (Phetteplace et al., 1989) and rabbits (Kelley et
al., 1988) after feeding different sources of fat. However, Kelley et al. (1988)
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noticed that the rabbits responded with an enhanced antibody production when
the source of the n-3 fatty acid was changed from fish oil to linseed oil. There is
so far no explanation for the lack of consistency in n-3 fatty acid effects on
antibody production in birds. Some speculations are that age of the bird at time
of challenge could be a factor (Delhanty and Solomon, 1966). These authors
suggested that the humoral immune response of chickens changes considerably
during the early stages of life. Furthermore, both the concentration and volume
of the SRBC used can influence the response in young chickens (Glick et al.,
1981 ). Although there is no evidence to support this concept, these authors
suggested that it is possible that the hurnoral response of broilers is regulated
differently than in hens. Clearly, differences in the animals being studied, diets,
and the type of immunogen utilized, make direct comparisons difficult.
Little is known about the effects of dietary fats on cell-mediated cytotoxic
processes in the chicken. Fritsche and Cassity (1992) did not observe any
significant differences in ADCC activity by peripheral blood leukocytes from
broiler chickens fed different dietary fat sources. Activity of ADCC has been
postulated to play a role in host defense against cancer and infectious diseases
(Sharma and Tizard, 1984).
Several investigators have looked at the effect of dietary fats on immune
organ weights (thymus, spleen, bursa). Most reports so far have shown no effect
of fat sources on the weights of these organs (Fritsche et al., 1991; Fritsche and
Cassity, 1992). DeWille et al. (1979) noted no differences in spleen and thymus
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weights after 35 days of feeding O and 13% corn oil diets, however, after 70 days
those receiving the 0% diet had significantly lower spleen weights than those
receiving the 13% diet.
Serum and immune tissue fatty acid profiles have been shown to be a
direct reflection of dietary fatty acid profile. One report (Fritsche et al., 1991)
disputed this hypothesis in that the levels of saturated fatty acids in the serum of
chickens were similar even with a three-fold difference in the amount provided in
the diet. This same trend was seen in the immune tissue fatty acid profile.
However, serum fatty acid profile for those fed the PUFA diets could be predicted
from the diet. These authors also presented data suggesting that the chicken
possesses relatively high levels of desaturase activity which was made evident
by the high levels of arachidonic acid (20:4n-6) in both serum and immune
tissues. Arachidonic acid contributed up about 22% of the total fatty acids
present. This was further substantiated by the elevated levels of
eicosapentaenoic (20:Sn-6) and docosahexaenoic (20:6n-3) acids found.
Phagocytosis of yeast particles by murine macrophages was suppressed
by n-3 PUFAs when compared with n-6 PUFAs (Calder et al., 1990), while
Magrum and Johnston (1986) did not observe any differences in the phagocytic
ability of rat peritoneal macrophages fed linseed oil and coconut oil.
Interaction of Zinc and Polyunsaturated Fatty Acids
Evidence suggests an interaction between dietary zinc and essential fatty
acids (EFA) in rats (Bettger et al., 1979). There are similarities between zinc-
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deficiency and EFA deficiency including retarded growth, enlarged liver, reduced
resistance to disease, and immunodeficiency. Because of the similarities in
pathology observed in zinc and EFA deficiencies, it was suggested that there is a
possible interaction of these nutrients at some point during metabolism (Bettger
et al., 1979). These authors fed rats several diets containing various levels of
zinc ranging from deficient (5%) to adequate (100%) in combination with EFA
deficient (hydrogenated coconut oil) or EFA adequate (corn oil) . The results
showed that low zinc status accentuated signs of EFA deficiency as seen in the
dermal lesions and growth rates. Zinc deficiency increased dermal lesions in the
groups receiving the EFA deficient diets, however, there were no signs of EFA
deficiency with adequate zinc. Both zinc and EFA deficiencies severely
depressed growth. They concluded that there was a physiological interaction
between the nutrients. A similar experiment was conducted using broiler
chickens (Bettger et al. , 1980) to see if the same relationship between zinc and
EFA existed. Diets consisted of low and adequate zinc and EFA as in the
previous experiment with rats. Chicks fed the zinc-deficient diets grew at a
greater rate and had less severe skin lesions when the fat source was low in
PUFA than when it contained 5% vegetable oil. This effect was in contrast with
the effect observed in rats where low EFA and zinc-deficiency interacted
positively to depress growth. In chickens, low levels of dietary PUFA improved
growth rate in zinc deficiency. In humans, Cash and Berger (1969) indicated that
EFA ameliorated the effects of zinc-deficiency.
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PART3
EXPERIMENT 1
The Effect of Different Levels of Zinc on the Performance and
lmmunocompetence of Broilers reared under heat stress
conditions

56

ABSTRACT
Male broiler chicks were used to evaluate the effect of zinc status on
growth performance and immune competence of heat stressed broilers. Chicks
were raised to day 21 in brooder batteries and fed diets containing either no
added zinc (Low Zn), Zn added to meet NRC requirement (Control), or control +
100 mg Zn/kg diet (High Zn). Birds were transferred to wire cages in two
environmental chambers on day 22. One chamber was maintained at 23.9 C
(thermoneutral, TN), while the other cycled between 23.9 C and 35 C (heat
stress, HS). Humoral immunity was assessed by injecting birds intravenously
with 1 ml of 7% sheep red blood cell (SRBC) suspension followed by evaluation
of serum for total, mercaptoethanol-resistant (ME-R) , and ME-sensitive (ME-S)
antibody titers. Cell-mediated immunity was assessed by using Sephadex
stimulation to recruit and collect abdominal exudate cells (AEC) , and the
phagocytic ability of macrophages determined.
Heat stress birds consumed 21% less feed, gained 24% less weight, and
had a 12% reduction in feed efficiency when compared with TN birds. Zinc
intake did not impact growth performance. Abdominal exudate cells were
increased (P<0.01) by high Zn but was not affected by HS. Macrophage
percentage in AEC was increased (P<0.008) by high Zn and decreased by HS
(P<0.01). High Zn increased phagocytic macrophages as well as the number of
internalized opsonized and unopsonized SRBC (P<0.001) , while HS decreased
these parameters.
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Total, ME-R, and ME-S antibody titers were highest for high zinc and TN
(P<0.001) for both primary and secondary responses. Lymphoid tissue and liver
weights were not affected by zinc but were decreased (P<0.001) by HS. Level of
zinc in the diet did not change plasma zinc concentration, but was reduced
(P<0.006) by HS, while tibia Zn concentration increased (P<0.001) with Zn but
was not changed by HS. High Zn increased (P<0.03) the heterophil/lymphocyte
ratio but was not impacted by HS.
These results indicate that zinc status as well as environmental
temperature conditions influence the immune competence of male broilers.

(Key words: Zinc, heat stress, broilers, immune response)
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INTRODUCTION
Chronic heat stress is causing increased concern in poultry production
due to reduced growth performance and increased mortality. Heat loss in
broilers is limited by feathering and the absence of sweat glands. When the
ambient temperature-relative humidity exceeds the comfort level of the bird , they
lose their ability to efficiently dissipate heat. This leads to physiological changes
including a reduction in feed intake in order to reduce metabolic heat production
(Teeter et al. , 1985). This results in lower growth rate as well as a reduction in
feed efficiency (Geraert et al. , 1996). These authors, along with many others
have conducted experiments utilizing various levels of temperature above what is
considered thermoneutral (approximately 23.9 C) , and reports have been
consistent on the effects of heat stress on the birds perfonnance. For example,
broilers were exposed to environmental temperature of 32 C and a 14%
decrease in feed intake was observed by 4 weeks of age, and a 24% reduction
by 6 weeks of age (Geraert, et al., 1996).
Along with the detrimental effects of heat stress on production
perfonnance in broilers, other consequences of high environmental temperature
have been reported. It has been established that high environmental
temperatures affect the development of a specific immune response in the
chicken (Thaxton et al. , 1968; Subba Rao and Glick, 1970; Thaxton and Siegel ,
1972). There was a consensus in the results obtained by these authors on the
effects of temperature on antibody production. When chickens were exposed to
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temperatures ranging from 32.2 C to 43 C, for either short intermittent periods of
constant high temperatures, or cycling temperature conditions, the .resulting
antibody response to sheep red blood cells was reduced significantly in both
cases.
There is little information on the effects of high environmental temperature
stress on cellular immunity, however, Miller and Qureshi (1991) reported a
depression in the phagocytic potential of chicken macrophages during in vitro
heat stress conditions.
The concentration of nutrients required to maintain health and productivity
of the chicken is challenged due to the reduction in feed intake during heat stress
conditions. Studies have shown a redirection of nutrient flow to meet the
metabolic requirements of an immune or inflammatory response (Bauman and
Currie, 1980). This includes minerals like zinc. There is evidence suggesting a
redistribution of zinc during an immunological stress, for example, plasma zinc
was greatly reduced and hepatic zinc was found to be more than four times the
amount loss from plasma (Klasing, 1984). It is therefore possible that the
requirement for zinc is increased during exposure to heat stress.
Zinc is known to be necessary for many diverse enzymatic, and other
physiological processes to achieve maximum performance in both animals and
man. Research has revealed the importance of zinc for growth utilizing both
organic and inorganic sources. Growth retardation observed at low intakes of
zinc can be partly accounted for by a depression in feed intake (Swinkels et al.,
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1994). The weight of most body organs including the lymphoid organs has been
reported to be reduced in proportion to body weight during low zinc intake. In
studies with broiler chickens, as in other farm and lab animals, reports are varied
as to the effect of supplemental zinc on performance. Body weight of broilers
was increased when the diet was supplemented with 48 and 125 µg Zn/g of diet
(Pimentel et al., 1991), as well as in young turkeys (Kidd et al., 1994). However,
Kidd et al. (1992) found no differences in body weight of chicks fed diets
containing up to 140 mg Zn/kg of diet.
The role of zinc in immunity has received considerable attention over the
years. It is believed that zinc is essential in all aspects of the immune response
involving both humoral and cellular immunity (Chandra and Dayton, 1982;
Sherman, 1992). Zinc is said to function through its association with enzymes
(Dardenne et al., 1985). These zinc-containing enzymes are critical for the
integrity of the cells involved in the immune response. A review of the literature
provides conflicting evidence regarding the level of zinc required to effect an
immune response. Some reports indicate that supplementing the diet of broilers
above the 40 mg/kg recommendation by the National Research Council (NRC,
1994), enhances antibody production {Burns, 1983; Stahl et al., 1989a; Pimentel
et al., 1991 ; Kidd et al., 1992), whereas others have reported no effect (Stahl et
al. , 1989b). Both cellular and humoral responses were improved in turkeys fed a
zinc supplemented diet (Ferket and Qureshi, 1992).
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In view of these reports, as well as insufficient evidence on how heat
stressed broilers would respond immunologically if fed a diet low in zinc, an
experiment was conducted with the following objectives in mind:
1. To determine the effect of temperature on performance characteristics
of broilers.
2. To evaluate different levels of dietary zinc on the performance and
immunocompetence of broilers reared under heat stress conditions.
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MATERIALS AND METHODS
Chickens and Diets
One hundred and forty four, one-day-old Arbor Acres male broiler
chickens were used in this experiment. On arrival chicks were wing-banded ,
weighed and randomly assigned to twelve experimental units in a Petersime
brooder battery. There were twelve chicks per pen with one of three dietary
treatments randomly assigned to each pen with four replications of each
treatment. Water and feed were provided for ad libitum consumption. Feed
intake and body weights were monitored weekly.
For the first 21 days post-hatch, birds were kept under 23 h light:1 h dark
photoschedule and thermoneutral conditions. Experimental diets (Table

1r were

formulated to meet or exceed National Research Council requirements (NRC,
1994), and were iso-caloric and iso-nitrogenous. Dietary treatments consisted of
three levels of zinc (Zn): a) control (no added Zn), b) low zinc (below NRC
requirements, 32 mg/kg) accomplished by adding a zinc-free vitamin-trace
mineral mix to the ration and, c) high Zn (control+ 100 mg/kg Zn). This zinc
supplement was provided by a zinc poly-amino acid complex .1
Temperature Treatments

At the end of 21 days, 7 chicks from each replication from each dietary
treatment (total of 28 birds/treatment) were randomly selected and weighed.

• All Figures and Tables appear at the end of this Part 3
1
Zinpro Corporation, Eden Prairie, MN
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They were divided into two groups and transferred to environmental chambers
where they were placed in individual cages. In one environmental chamber, the
ambient temperature was adjusted so that daily fluctuations were between 23.9
and 37 C, to simulate diurnal temperature patterns during heat stress. Birds in
this chamber were exposed to 12 hours of 23.9 C, 3 hours of 23.9 to 37 C, 6
hours of 37 C, and 3 hours of 37 to 23.9 C. In the other chamber, the
temperature was maintained at a constant 23.9 C. Relative humidity was
allowed to fluctuate but not fall below 45%. Birds were continued on the same
dietary treatments for the next four weeks and feed intake and body weights
were monitored on a weekly basis.
lmmunocompetence Evaluations
Cell-mediated immunity: The avian species lack a resident population of
harvestable cells (macrophages and other inflammatory cells) in the abdominal
cavity (Rose and Hesketh, 1974; Sabet et al. , 1977; Trembicki et al., 1984).
Therefore, birds were evaluated for cell-mediated immunity using a Sephadex
stimulation method previously described (Qureshi et al., 1986). Briefly, on day
32, three birds per treatment from each environmental chamber were randomly
selected and weighed. The abdominal area was cleaned with alcohol and a 3%
suspension of pre-swollen Sephadex G-502 , prepared in 0.85% sterile saline was
injected into the abdominal cavity at the rate of 1ml/100 g body weight. The area
was then massaged.
2

Sigma Chemical Co., St Louis, MO 63178-9916
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Harvesting Abdominal Exudate Cells

Approximately 42 hours after Sephadex injection, birds were slaughtered
by cervical dislocation. The abdominal area was cleaned with 70% ethanol and a
small incision (approximately 1 cm) was made in an area with as few blood
vessels as possible. The cavity was then flushed with sterile heparinized saline
solution (0.5 U/ ml). Approximately 30 ml of abdominal exudate fluid were
collected from each bird into conical siliconized glass tubes3 on ice, using a
fabricated harvester (created by M. A Qureshi, personal communication). Tubes
were allowed to sit for about 20 minutes so that debris, such as fat and tissues,
could settle at the bottom of the tube. The exudate fluid was pipetted into clean
sterile siliconized glass tubes and centrifuged at 500 x g at 8 C for 15 minutes.
The supernatant was removed and the abdominal exudate cell (AEC) pellets resuspended in 5 ml of RPMl-1640 growth medium4 supplemented with 5% fetal
bovine serum, and 1% antibiotics (Penicillin-Streptomycin).
Macrophage Culture

Total number of AEC in suspension were determined by counting all nonerythroid cells for each chick on a hemacytometer utilizing the trypan blue
exclusion technique (Phillips, 1977). Briefly, 10 µI of 0.4% trypan blue plus 10 µI

of sample were placed in a microcentrifuge tube and then 10 µI of that mixture
counted on the hemacytometer (Qureshi and Miller, 1991) at 40X magnification.

3
4

Sigma Chemical Co., MO 63178-9916
Gibco Laboratories, Grand Island, NY 14073
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Five squares were counted and total cells calculated; No. cells counted* 5
squares *dilution factor= Total no. of cells* 104
Two decimal places to the left gives no.of cells * 106 , which is how number of
cells were reported.
After determining total AEC in the 5 ml cell suspension, 1 ml was placed in
sterile 35 mm petri dishes5 (one for each chick) containing 4 sterile 13 mm
coverslips, to determine adherence index potential (Al) of the macrophages.
Dishes were incubated at 41 C at 5% CO2 for one hour. After removal from
incubator, coverslips were washed under the hood with sterile 0.85% saline to
remove all non-adherent cells. The concentration of the rest of the cells in
suspension were adjusted to 1x106 cells/ ml for phagocytosis assay.
Phagocytosis Assay

The phagocytic activity of the macrophages were determined using an in
vitro sheep red blood cell (SRBC) phagocytic assay as previously described
(Qureshi et al., 1986) (Appendix 1). The percentage of macrophages phagocytic
for opsonized and unopsonized SRBC (1% SRBC concentration) and the mean
number of internalized SRBC per phagocytic macrophage were scored. Three
hundred cells per coverslip were counted with a total of 1200 cells per chick.
Collection and preparation of SRBC: Twenty five ml of blood were

collected by jugular venipuncture from a sheep supplied by Blount Farm,
University of Tennessee, Knoxville, TN, in 0.5 ml a 3% potassium oxalate
5

Fisher Scientific Co., LLC, 2775 Horizon Ridge CT, Suwanee, GA 30024
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solution. The blood was centrifuged at 300 x g at 4 C for 20 minutes.
Supernatant was removed and the cell pellet re-suspended in 5 volumes of 0.9%
sterile saline, and washed three times until supernatant was clear. A final wash
was done in Alsever's solution (Appendix 1) and cells stored at 4 C in
approximately 10 volumes of Alsever's solution.
Preparation of opsonized and unopsonized SRBC: The SRBC was

removed from the refrigerator and Alsever's solution removed. The cells were
washed twice in 0.9% sterile saline at 300 x g at 10 C for 15 minutes. For 1%
concentration of unopsonized SRBC, 250 µI of cells were placed in 25 ml of
RPMl-1640 growth medium. For opsonized SRBC, cells were prepared as
mentioned above, except 2 µI/ ml of quail anti-SRBC serum was added to 25 ml
of 1% SRBC suspension. This was then incubated in a 37 C waterbath for 30
minutes. The tube was removed and gently shaken to coat cells before being
centrifuged at 300 x g at 10 C for 10 minutes. Cells were washed once more
with RPMl-1640 growth medium. Cells were finally re-suspended in 25 ml of
RPMl-1640 growth medium.

In vitro phagocytosis: One ml of the 1x1 O6 AEC concentration was
placed in each of two sets (I opsonized and I unopsonized per chick) of 35 mm
petri dishes containing 4 sterile 13 mm glass coverslips and incubated at 41 C at
5% CO2 for one hour.
Petri dishes were taken from incubator and growth medium removed .
Immediately, I ml of opsonized SRBC was placed in petri dishes, and I ml
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unopsonized SRBC placed in another set of dishes. Dishes were again
incubated for one hour at 41 C and 5% CO2. Coverslips were washed with
sterile 0.85% saline to remove any free SRBC. They were then placed on
staining racks.
Staining cells: All racks containing coverslips were placed in methanol for

10 minutes to fix cells to the coverslips. Cells were stained using CMS
Protocol™ HEMA 3® Staining

Kit6.

Racks containing coverslips were dipped in

the Fixative solution five times, one second each dip. Excess solution was
drained off and racks immediately dipped in Solution 1 (eosinophilic staining),
and then Solution 11 (basophilic staining), as done previously in Fixative solution.
Coverslips were then left to dry.
After drying, coverslips were mounted on to microscopic slides by placing
a drop of the Cytoseal 60 mounting medium (Fisher) , on to the slide and placing
the coverslip on the slide with the cell side facing down. Slides were dried and
300 cells including macrophages, phagocytic macrophages, number of
internalized SRBC per phagocytic macrophage, and heterophils, were scored for
each coverslip per chick at 1OOX magnification.
Humoral Immunity

Sheep red blood cells were used as a test antigen to quantitate specific
antibody response. On day 32, three chicks per dietary treatment per
environmental chamber were bled by brachia! venipuncture and 3 ml blood
6

Fisher Scientific Co., LLC, 2775 Horizon Ridge CT, Suwanee, GA 30024
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collected for pre-challenge antibody titer analysis. The same chicks were then
immunized intravenously via the wing with 1 ml of 7% SRBC suspension
prepared in 0.85% sterile saline. Seven days post-injection, all birds were bled
by. brachia! venipuncture and 3 ml blood collected for primary antibody response.
The blood was left at room temperature for approximately two hours and allowed
to clot. The clotted blood was then wrung using a wooden applicator stick and
placed in refrigerator overnight for maximum sera yield. The antigenic challenge
was repeated 14 days after the first injection and blood samples collected as
before at 3 days post-injection to determine secondary antibody response.
Antibody levels were quantitated using a microhemagglutination technique
(Wrtlin, 1967).
Antibody assay. Each serum sample was tested for total antibody

response as well as for levels of lgM and lgG using the 2-mercaptoethanol
technique as previously described (Qureshi and Havenstein, 1994; Lepage et al. ,
1996). Briefly, blood samples were removed from refrigerator and sera pipetted
off into microcentrifuge tubes. Sera samples were heat-inactivated in a 56 C
waterbath for 30 minutes. For total antibody titers, 50 µI Phosphate Buffered
Saline (PBS) was placed in the first row of wells in a 96-well V-bottom

microtitration plate (Fisher). To the same wells containing PBS, 50 µI of serum
were added. The plates were covered with Sigma plate sealing strips to prevent
contamination, then incubated at 37 C for 30 minutes.
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Plates were removed from incubator and 50 µI PBS added to the eleven
remaining wells in each row. A two-fold serial dilution of the samples was done
using a microdiluter. Then 50 µI of a 2.5% SRBC suspension was added to each
well and plates again sealed and incubated at 37 C for 30 minutes.
The mercaptoethanol (ME) sensitive (presumably lgM), and ME- resistant
(presumably lgG) antibody titers were assessed using the same procedure as for
total titers except that 50 µI of ME (.7 ml of 2-ME + 99.3 ml PBS) was added to
the first row of wells. Titers were read by holding microtiter plate over a lighted
mirror to observe wells showing agglutination. These readings were recorded as
ME- resistant (ME-R) titers (not all lgM antibodies are reduced by 2-ME). The
ME-sensitive (ME-S) titers were the difference between the total (PBS) titers and
the ME-R titers. All antibody titers were reported as log2 of the reciprocal of the
last dilution in which agglutination was observed.
White Blood Cell Differential Count

On day 48, three chicks per treatment per environmental chamber were
bled by brachia! venipuncture and approximately 0.2 ml of blood was collected in
15% EDTA. Microscope slides were immediately smeared and left to dry for
approximately one hour. Slides were placed on staining racks and stained as

previously described. A total of 300 cells including lymphocytes, heterophils,
monocytes, eosinophils, and basophils, were counted per slide per bird and the
number of each cell was determined as a percentage of the total cell count.
Heterophil/Lymphocyte ratio was determined by dividing the number of
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heterophils counted by the number of lymphocytes to evaluate stress level of the
birds exposed to high environmental temperature.
Plasma and Tibia Zinc Concentration
Three chicks per dietary treatment per environmental chamber were bled
by brachia! veinipuncture on day 48 for plasma zinc concentration analysis.
Syringes were coated with heparin-saline (100 U/ ml), and 6 ml of blood was
collected in NH4-heparin collection tubes. The blood was centrifuged at 1500 x g
for 20 minutes and the plasma pipetted into polypropylene culture test tubes and
stored at -20 C until analysis. Analysis was done using a Thermo Jarrel Ash
Solaar 969 Atomic Absorption Spectrophotometer, utilizing the method of
Gorsuch (1973). On day 50, 3 birds per treatment per chamber were slaughtered
and right tibia removed for zinc concentration analysis.
Processing of Birds and Collection of Immune Organs
Carcasses from slaughtered birds were weighed and weights recorded.
Thymus, spleen, liver, and bursa of Fabricius, were collected and weighed. An
obvious difference in the weight of the organs from both temperature
environments was observed. Slices of each tissue were therefore collected and
immediately placed in 10% buffered formalin phosphate and refrigerated
overnight. Next day the formalin was removed and replaced with 70% ethanol.
The samples were then sent to the University of Tennessee College of Veterinary
Medicine Pathology laboratory for a morphological evaluation.
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Experimental Design and Statistical Analysis
The experiment just outlined was repeated four times. The design used
was a randomized block design blocking on time. The experimental data were
analyzed using the Mixed Model Procedure of SAS (SAS, 1995). Differences
among treatment means were determined using least significant difference test.
Log2 transformations were done on antibody titers prior to statistical analysis.
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RESULTS
Growth Performance
Average body weight gain, feed efficiency (gain:feed), and feed intake of
three-week-old broilers are presented in Table 2. The level of zinc in the diet did
not significantly influence broiler performance, however, chicks fed the low zinc
diet tended to eat less and gain less than chicks fed the control and zinc
supplemented diets.
Birds were transferred to environmental chambers weeks three through
seven. Level of zinc did not impact their performance (Table 3). However, body
weight gain, feed intake, and feed efficiency were all significantly (P<0.001)
reduced by heat stress. Body weights were decreased by 24%, feed intake by
21%, and feed efficiency by 12%.

Organ Weights
Lymphoid organ and liver weights were measured as a percent of body
weight to account for differences in body weights (Table 4). None of these
tissues were affected by the level of zinc in the diet. Although not significant,
thymus weight tended to be approximately 12% higher in broilers fed the high
zinc diet than those fed the control and low zinc diet. Thymus, bursa, spleen ,
and liver weights were all significantly (P<0.001) decreased by heat stress.
Microscopic findings of tissue samples from thymus and spleen of birds from
heat stress and thermoneutral environments showed no morphological
differences.
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Primary and Secondary Antibody Responses

Prior to antigenic challenge, sera from birds were analyzed for prechallenge antibody titers and were all negative. Table 5 shows the main effect
means of diets and temperature and their effect on total primary antibody
response. The data represent the means of log2 of the reciprocal of the last
dilution exhibiting agglutination. Total, ME-S (lgM), and ME-R (lgG) antibody
titers were significantly (P<0.001) higher for high zinc diets. Birds that were
reared under heat stress conditions showed significant (P<0.001) reduction in .all
three antibody parameters. The addition of zinc to the diet did not significantly
improve primary antibody response when the birds were heat stressed, however,
those fed high zinc tended to show some improvement in total primary antibody
production when compared to the low zinc (Figure 1). Primary lgM (Figure 2)
and lgG (Figure 3) also showed an improvement in antibody titers when fed the
high zinc diets under heat stress conditions.
Table 6 shows the main effect means of the secondary antibody response
of broilers. Birds on the high zinc diet responded similarly to control birds with
higher (P<0.05) total, lgM, and lgG antibody titers than those receiving the low
zinc diets. Heat stress caused a 42%, 34%, and 46% reduction in total, lgM, and
lgG antibody titers, respectively. Again, there was no significant diet by
temperature interaction, however, there were slight improvements in all three
antibody levels when high zinc was fed under heat stress conditions (Figures 4,
5, and 6).
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Cellular Immune Response
Abdominal exudate cell (AEC) response, and the percentages of
macrophages in AEC are presented in Table 7. Total mean AEC was highest
(P<0.01) for high zinc diets with 57% more than low zinc birds. Control birds
responded similarly to high zinc. The number of AEC was not affected by heat
stress. The incidence of macrophages and heterophils in AEC were highest
(P<0.008) for high zinc birds with 95.4% compared to 94.02%, and 93.81 % for
control, and low zinc birds, respectively, for macrophages. Heat stress
significantly reduced the percentage of macrophages and heterophils in AEC.
Figure 7 shows typical activated macrophages taken from immunized birds.
There was a diet by temperature interaction {P<0.1), with an increase in both
macrophages and heterophils during heat stress when high zinc was fed.
The phagocytic ability of abdominal macrophages for opsonized SRBC,
and the number of SRBC internalized per phagocytic macrophage are presented
in Table 8. There was significantly (P<0.001) higher phagocytic activity of
abdominal macrophages by 17% in birds fed high zinc and control diets, as well
as a greater number of internalized opsonized SRBC. Figure 8 shows an
example of the high number of engulfed SRBC by the highly phagocytic
macrophages from birds fed the high zinc diets. There was a similar response in
the control birds. There was a reduction in both the number of phagocytic
macrophages and the number of internalized SRBC (P<0.001) caused by heat
stress condition (Figure 9). A diet by temperature interaction (P<0.001) was
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observed for the number of engulfed SRBC. As the level of zinc in the diet
increased so did the number of internalized SRBC by phagocytic macrophages
from birds in both thermoneutral and heat stress conditions.
There was also a significant increase in the phagocytic activity of
macrophages for unopsonized SRBC (Table 9) for high zinc. Phagocytic
macrophages from control birds showed higher activity compared to birds fed a
low zinc diet. A significant (P<0.04) diet by temperature interaction showed an
increase in phagocytic macrophages when high zinc was fed. The number of
internalized unopsonized SRBC per phagocytic macrophage for high zinc was
similar to control but significantly (P<0.001) higher (38%) than the low zinc. Heat
stress depressed (P<0.001) phagocytic ability (11%), and number of internalized
SRBC (P<0.02).
Plasma and Tibia Zinc Concentrations

The level of zinc in the diet did not affect the concentration of zinc in
plasma, however, tibia zinc concentration was significantly (P<0.001) lower in low
zinc birds than in control and high zinc birds (Table 10). Moreover, plasma zinc
was reduced (P<0.006) by heat stress while tibia zinc was not affected.
Blood Leukocyte Count and Heterophil/lymphocyte Ratio

Except for heterophils with a 16% increase with high zinc, the number of
other leukocytes were not affected by either the level of zinc or temperature.
However, some morphological changes were observed in the cells from the heat
stress birds. Figures 10 and 11 show some of the major leukocytes found in the
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peripheral blood of the birds. The H/L ratio was higher (P<0.03) in birds fed high
zinc, and a surprising observation was no effect of heat stress. A significant
(P<0.007) interaction between diet and temperature indicates an increase in the
H/L ratio when heat stressed birds were fed supplemental zinc.
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DISCUSSION
In the present experiment, zinc supplementation had no significant
influence on broiler growth performance throughout the seven- week study
period. This, however, was not surprising based on the inconsistencies in the
reports of zinc status on growth rate, feed intake, and feed efficiency. For
example, Pimentel et al. (1991) conducted several experiments with broiler
chicks in which semipurified and corn-soybean meal diets containing a total of 8,
12, 18, 25, 28, 38, 48, 58, 68,88, and 125 µg Zn/g of diet were fed. They found
that chicks fed the semipurified diets containing 48 µg Zn/g, or the 125 µg Zn/g
had significantly greater body weights than those fed the 8 or 25 µg/g. However,
no differences in feed intake or growth were observed in chicks fed the cornsoybean meal diets with up to 88 µg Zn/g throughout the seven week
experimental period. It was concluded that the National Research Council (NRC,
1994) recommendation of 40 µg Zn/g for broilers is adequate for both
semipurified and corn-soybean meal based diets. These results however, did not
agree with Kidd et al. (1992) who reported no differences in feed conversion or
body weights of chicks fed diets containing up to 140 mg Zn/kg of diet. Another
study (Kidd et al., 1994) reported no differences in body weights when 164 µg
Zn/g was fed , but a 6% increase when 166 µg/g was fed. Gross et al. (1979)
also found no difference in mean body weight of rats fed a zinc-deficient diet
containing 7 mg/kg.
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In the present experiment, when the birds were exposed to high
environmental temperatures of 35 C from week 4 to week 7, there was a
significant decrease in body weight gain, feed intake, and feed efficiency. These
results are consistent with the general trend observed in heat stress broilers
(Austic, 1985; Geraert et al. , 1996). It is believed that for every 10 C increase in
ambient temperature above 20 C, there is a 17% reduction in feed intake (Austic,
1985). There was a 14% reduction in feed intake of broilers between 2 to 4
weeks of age, and 24% reduction between 4 to 6 weeks of age when birds were
exposed to 32 C (Geraert et al., 1996). Several other authors have reported
significant reductions in performance of heat stress broilers (Adams et al. , 1962;
Howlider and Rose, 1989; Smith, 1990; Teeter et al. , 1992; Deyhim et al., 1995)
of up to 16%, and in performance of laying hens (Reid and Weber, 1973) with 10
and 9% decrease in weight gain and feed efficiency, respectively. A significant
decrease in performance was also observed in a previous study conducted in our
laboratory. It has been suggested that the reduced efficiency of heat-exposed
chickens could be due to changes in metabolic utilization of nutrients (Geraert et
al. , 1996).
It has been established that zinc is important for normal immune functions.
This involves all the cells and tissues of the immune system required to mount an
effective immune response. In the present experiment, the level of zinc did not
change the weights of bursa, spleen , thymus, and liver. This is inconsistent with
previous reports that a diet deficient in zinc leads to atrophy of the thymus in
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experimental animals (Prasad and Oberleas, 1971 ). One explanation for the lack
of response in this experiment could be that the low zinc diet (not deficient) was
adequate in supporting these tissues. However, there were some other reports
where zinc intake did not impact the weights of these organs (Gross et al., 1979;
Pimentel et al. , 1991), while a 35% decrease in spleen weight was observed in
rats fed diets defic1ent in zinc (Mengheri et al., 1988). Maintaining the integrity of
these organs is very important since the maturation and proliferation of the
primary cells involved in the immune response occurs here.
The avian species lack harvestable resident macrophages in their
abdominal cavity, therefore it is essential to inject an inflammatory agent to
recruit inflammatory cells into the abdominal area (Glick et al. , 1964). Sephadex
suspension in saline has been proven to be an active in vivo chemotactic agent
(Trembicki et al., 1984; Qureshi et al., 1986). In the present study, a 3%
suspension was injected into the abdominal cavity, and AEC harvested.
Quantitation of the number of AEC is a direct measure of the bird's ability to
respond to an inflammatory challenge. The results of this study showed that a
diet low in zinc can alter the migration of inflammatory cells into the abdominal
cavity since there was a significant reduction with the low zinc diet. Although the
mechanism of action is uncertain at this time, one possible explanation could be,
that since zinc has been shown to be associated with enzymes in all enzyme
classes (Siegel, 1983), a direct and specific linkage may exist between zinc and
immunity at both cellular and humoral levels. Therefore, in the case of zinc
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inadequacy, the activity of zinc-containing enzymes could be compromised,
affecting the integrity of cellular functions. Kidd et al. (1994) also found an
increase in the number of AEC in turkey poults fed diets supplemented with 164
µg Zn/g of diet.
The number of macrophages in AEC were determined in this experiment.
Birds receiving the diets supplemented with zinc produced the highest
percentage of macrophages. This supports the results of other researchers that
zinc is important in maintaining the integrity of the cells of the innate immune
system, since avian macrophages represents the first line of defense against
infectious microorganisms (Dietert et al., 1990). Kidd et al. (1994) reported
higher mean macrophage percentages when diets of turkey poults were
supplemented with 40 mg/kg Zn methionine.
Sheep red blood cells were used to determine macrophage phagocytic
ability in vitro in the present experiment. The results indicated that dietary
supplemental zinc-amino acid complex, at the level of 100 mg/kg significantly
increased the phagocytic ability of abdominal macrophages. This is consistent
with previous reports by Wirth et al. (1989). They observed higher phagocytosis
by peritoneal macrophages of mice fed a zinc-supplemented diet than those

receiving a diet low in zinc. In that experiment, to prove that zinc was essential
for the activity of these macrophages, the culture medium containing the
macrophages from the zinc deficient diet was supplemented with zinc, and
phagocytosis and killing functions of the macrophages were restored.
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Furthermore, Fletcher et al. (1988) reported that low zinc inhibited the killing of
Escherichia coli and phagocytosis of yeast by macrophages. The viability and

integrity of the phagocytic macrophages were further proven by the number of
internalized opsonized and unopsonized SRBC, especially those from birds fed
the high zinc diets.
In the present study, the addition of zinc to the diet improved the ability of
the birds to produce antibodies against SRBC. This was expected based on
numerous reports (Fraker et al. , 1977; Beach et al., 1980; Bums, 1983).
However, when these birds were exposed to high environmental temperature,
almost all parameters related to the immune response were significantly affected
including lymphoid organ weights. Samples of thymus, spleen, and bursa from
thermoneutral and heat stress birds were analyzed for morphological
comparison. No differences were found in the thymus and spleen samples,
however, atrophy of the bursa was observed in several heat stress birds
examined, independent of diet. This would explain the reduction in the weight of
this organ. Evidence of this was not found in the literature, therefore more work
is required to further understand the implications. Antibody production and
cellular immune responses were also reduced by heat stress. Although not
significant, there was a tendency for an improvement in antibody production and
cellular response in birds fed the high zinc diets in a heat stress environment.
This indicates that zinc could be a factor in alleviating the adverse effects of heat
stress if administered at a higher level than that used in this experiment. Another
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explanation could be the source of zinc. Both organic and inorganic sources of
zinc have been used in these kinds of experiments with very inconsistent results.
Reports indicate that zinc-amino acid complexes are more biologically available
than inorganic sources (Wedekind et al., 1992). However, Kornegy et al. (1975)
and Spears (1989) had similar responses from both sources. The most widely
used organic zinc source is zinc-methionine which is zinc complexed to one
amino acid , however, in this study the zinc source was from a complex of
several amino acids complexed to zinc in the same 1:1 ratio as zinc-methionine.
Birds reared in high environmental temperature conditions had significant
reduction in both primary and secondary antibody responses. This response was
anticipated based on observations by Thaxton and Siegel (1970), who subjected
birds to environmental temperatures of 41 .7 C and 43.3 C and saw a depression
in circulating antibodies. Donker et al. (1990) also observed reduced antibody
titers in chicken lines selected over six generations for high and low antibody
titers to SRBC. These birds were exposed to 42 C then immunized with SRBC.
The high line birds showed a significant decrease in titers compared to the low
line birds. Similar results were obtained by Gross and Siegel (1979) also using
selected lines. These researchers believe there are apparent differences in
susceptibility to heat stress based on genetic lines due to the considerable
variations found in the responses. With some experiments, a clear
immunosuppressive action was found, however, when the same stressor (heat)
was used on another group of different genetic origin, there was no
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immunosuppression, and in some cases there was immunostimulation (Heller et
al., 1979; Kelley, 1985; Siegel, 1987). Moreover, Regnier et al. (1980) could not
demonstrate any immunosuppressive action from heat stress chickens of the
same breed but of different genetic origin. These differences may have
implications during the application of selection programs for immune
responsiveness.
Although only limited evidence is available on the cellular response to heat
stress, it can be expected that the effects would be similar to the effects on the
humoral immune system since they do not act independently of each other. In
this experiment, heat stress reduced the phagocytic potential of abdominal
macrophages. This result was in accordance with reports by Miller and Qureshi
(1991) who observed a reduction in the phagocytic potential of chicken
macrophages during in vitro heat stress conditions.
The concentration of zinc in plasma was not impacted by dietary zinc
levels in the present study. A similar observation was made by Sandoval et al.
(1998), even though their basal ration was supplemented with between 1000 and
1500 mg/kg zinc. Also, in their study, dietary zinc supplementation resulted in
increased tibia zinc concentration as was found in the present experiment. This
was consistent with findings by Pimentel et al. (1991) who observed a significant
linear increase in bone zinc with increased dietary zinc. Reports indicate that
zinc from bone can be utilized when zinc deficiency occurs (Harland et al. , 1975),
therefore, bone zinc constitutes a functional reserve that can be mobilized.
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The ratio of heterophil to lymphocytes (H/L) is sometimes used as a
physiological indicator of stress (Gross and Siegel, 1983). In the normal,
unstressed bird this ratio should be considerably less than 1. It would appear
that during acute inflammatory reactions, heterophils are the dominant
phagocytic cell type (Carlson and Allen, 1969). In the current study, the H/L ratio
was increased in birds fed the high zinc diet. One very surprising result was that
heat stress did not increase the H/L ratio. Except for heterophils, blood leukocyte
numbers were unaffected by zinc status. This was consistent with observations
made by Makled et al. (1973). They fed zinc levels of 19, 44, and 69 mg/kg and
found a significant increase in lymphocytes and a reduction in heterophils.
Although temperature did not significantly alter the number of blood leukocytes, a
large number of toxic cells, especially heterophils, were found in the heatstressed birds. This was a surprising observation and there is no other evidence
in the literature that this was observed before. The presence of these toxic cells
indicates a systemic assault to bone marrow production of these cells and is
usually associated with a decrease in cell function (Dr. Eric Schultze, personal
communication). This could be a possible explanation for the reduction in the
immune response of the heat-stress birds.
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SUMMARY AND CONCLUSION
In the present experiment, zinc levels did not influence body weight, feed
intake, or feed efficiency. However, all three parameters were reduced by the
heat stress environment. Lymphoid organ weights were also unaffected by zinc
levels, while all were reduced under heat stress conditions. Both cellular and
humoral immune responses were significantly enhanced when diets were
supplemented with zinc. This included an increase in the number of AEC,
incidence of macrophages in AEC, and the number of phagocytic macrophages
for both opsonized and unopsonized SRBC, as well as primary and secondary
antibody responses. Plasma zinc concentration was not changed with diets,
however, tibia zinc increased with high zinc diet.
Heat stress caused a reduction in all the areas of immunocompetence
measured in the broilers. Plasma zinc was reduced with heat stress, while tibia
zinc concentration was not affected.
Heterophils in peripheral blood were highest for high zinc birds, however,
the remaining leukocytes were not affected. The hetrophil/lymphocyte ratio
increased with high zinc diets and was unaffected by temperature.
The observations in this experiment corroborate and extend previous
studies on the role of zinc and the effect of zinc deprivation on performance and
immunological capacity. The level of zinc in the low zinc diet was apparently
adequate for the chick's performance, but may have been detrimental in case of
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an infection. The relationship between nutrition and immune response has
received much attention, and the results of this study indicate that this
relationship is a crucial one.
Environmental temperature influences immune response in chickens. In
this study, both cell-mediated and humoral responses were decreased in birds
exposed to heat stress. Producers in hot climates should avail themselves of
management practices that would help to alleviate some of the consequences of
heat stress.
The impact of zinc on performance and immunity in broilers is still not
completely understood, and future studies rests with continued understanding of
each component, and finding the meaning of the dynamics of this mineral on
overall productivity.
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Table 1. Composition of Basal Diet
Ingredients

%

Yellow Corn, Ground
Soybean Meal (48%CP)
Corn Oil
Dicalcium Phosphate
Limestone
Salt
DL-Methionine
1
Vitamin-Tm Mix · 2
Coban 3
Sand 4

51.26
38.44
5.49
1.43
1.37
0.40
0.15
1.00
0.10
0.36

Calculated nutrient composition
CP, %
ME, kcal/kg
Ca,%
P, %
Cu, mg/kg
Zn, mg/kg

23.11
3189.7

1.04

0.52
15.45
106.8

1

Supplied per kilogram of diet 1 and 3: Copper, 8 mg; Iodine, 0.4 mg; Iron, 100
mg; Selenium, 0.3 mg; Vitamin A (retinyl acetate), 4540 IU; Vitamin D3, 1543
ICU; Vitamin E, 15.4 IU; Choline, 284 mg; Niacin, 34 mg; d-Pantothenic acid, 5.7
mg; Riboflavin, 3.4 mg; Menadione, 0.85 mg; Vitamin 812, 0.01 mg; Biotin, 0.1
mg; Folic acid, 0.5 mg; Thiamine, 0.6 mg.
2
Supplied per kilogram of diet 2 is the same as diet 1 and 3, except for Zinc
3
Coccidiostat, Elanco Products Co., Indianapolis, IN 48285
4
Appropriate amounts of zinc were added at the expense of an equivalent
percentage of sand to create each experimental diet.
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Table 2. Body weight gain, feed intake, and feed efficiency of 3-week-old broilers
1
fed different levels of zinc.
Diets2

Gain 3

Feed intake3

(g)

Feed efficiency3
(gain/feed)

Control

666.55

956.57

0.70

Low zinc

641.36

942.22

0.68

High zinc

654.51

956.84

0.68

17.54

6.9

0.02

Pooled SEM
1
2
3

(g)

Values are least square treatment means. Data from 48 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn = Control + 100 mg/kg zinc.
Effect of zinc was not significant for gain (P>0.12), feed intake {P>0.30), or feed
efficiency {P>0.47).
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Table 3. Body weight gain, feed intake, and feed efficiency of 7-week-old broilers
fed different levels of zinc under thermoneutral or heat stress conditions. 1
Diets2

Temp. 3

Control

TN
HS

Gain
{g}
1793.64
1363.13

Low zinc

TN
HS

1690.17
1462.01

3549.71
3322.33

0.48
0.44

High zinc

TN
HS

1702.67
1336.46
56.67

3689.40
3207.56
111.36

0.46
0.43
0.01

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Control
Low zinc
High zinc
Temp.
TN
HS

0.2911
0.0001
0.0730

Feed intake
{g}
3692.64
3191.10

Feed efficiency
{gain/feed}
0.49
0.43

Probabilities --0.9860
0.0001
0.1597

0.1427
0.0001
0.2609

1578.39
1576.09
1519.57

3441.87
3436.02
3448.48

0.46
0.46
0.44

1728.838
1387.20b

3643.92 8
3240.33b

0.478
0.43b

1

Values are least square treatment means. Data from 72 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn= Control+ 100 mg/kg zinc.
3
TN = thermoneutral environment, HS = heat stress environment.
a, b Means within columns with different superscripts differ significantly {P<0.05).
2
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Table 4. Lymphoid organs and liver weights of broilers fed different levels of zinc
under thermoneutral or heat stress conditions.1
Diets2
Control

TN
HS

Thymus4
(o/oBW)
0.37
0.24

Low zinc

TN
HS

0.36
0.24

0.18
0.11

0.12
0.10

1.63
1.57

High zinc

TN
HS

0.43
0.24
0.02

0.19
0.10
0.11

0.14
0.08
0.02

1.69
1.48
0.70

Temp.3

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Control
Low zinc
High zinc
Temp.
TN
HS

Bursa
(o/oBW)
0.18
0.10

Spleen
(o/oBW)
0.15
0.09

Liver
(o/oBW)
1.55
1.45

Probabilities
0.8393
0.8747
0.0001
0.0001
0.8847
0.0672

0.5179
0.0001
0.6169

0.0630
0.0019
0.2467

0.30
0.30
0.34

0.14
0.15
0.14

0.12
0.11
0.11

1.50
1.60
1.59

0.39 3
0.24b

0.18 3
0.11 b

0.14 3
0.09b

1.62 3
1.50b

1

Values are least square treatment means. Data from 24 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRG recommendation for
zinc, High Zn= Control+ 100 mg/kg zinc.
3
TN =thermoneutral environment, HS = heat stress environment.
4
All thymic lobes from both sides of each chick were weighed.
a, b Means within columns with different superscripts differ significantly (P<0.05).

2
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Table 5. Main effect means of anti-sheep red blood cell antibody response
(primary) of broilers fed different levels of zinc under thermoneutral or heat stress
conditions. 1

lgM4

lgG

4.77b

2.92b

1.85a

Low zinc

3.76c

2.45b

1.31b

High zino

5.aoa

3.72a

2.oaa

Pooled SEM

0.16

0.17

0.13

5.53a

3.57a

1.96a

Treatments
2
Diets
Control

Total Ab

Temp. 3
TN

4

4

HS
1

Values are least square treatment means. Data from 18 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn = Control + 100 mg/kg zinc.
3
TN thermoneutral environment, HS heat stress environment.
4
Data represent means of log 2 of the reciprocal of the last dilution exhibiting
agglutination.
a. b,cMeans within columns with different superscripts differ significantly {P<0.05).
2

=

=
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Table 6. Main effect means of anti-sheep red blood cell antibody response
(secondary) of broilers fed different levels of zinc under thermoneutral or heat
stress conditions. 1

lgM4

lgG

1.708b

4.80 3

4 .64b

1.44b

3.20b

High zinc

6.61 3

1.868

4.75 8

Pooled SEM

0.24

0.12

0.21

6 .963

1.928

5.043

Treatments
Diets2
Control

Total Ab4

Low zinc

Temp.3
TN

6.50

3

4

HS
1

Values are least square treatment means. Data from 18 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn = Control + 100 mg/kg zinc.
3
TN= thermoneutral environment, HS= heat stress environment.
4
Data represent means of 1092 of the reciprocal of the last dilution exhibiting
agglutination.
a, b Means within columns with different superscripts differ significantly (P<0.05).

2

99

Table 7. Incidence of macrophages and heterophils in abdominal exudate cells of
broilers fed different levels of zinc under thermoneutral or heat stress conditions.1
Diets2

Temp.3

AEC 4
6
(x 10 )

Macrophages5

Heterophils5

7.77
7.10

93.75
94.29

6.25
5.71

(%)

(%}

Control

TN
HS

Low zinc

TN
HS

5.38
5.91

95.22
92.40

4.78
7.60

High zinc

TN
HS

8.09
9.64
1.10

95.86
94.93
0.53

4.14
5.07
0.53

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Control
Low zinc
High zinc
Temp.
TN
HS
1

0.0108
0.5814
0.5725

Probabilities ---

0.0085
0.0180
0.0122

0.0085
0.0180
0.0122

7_44ab
5.64b
8.87 3

94.02b
93.81 b
95.40 3

5.98 3
6.19 3
4.60b

7.08
7.55

94.95 3
93.87b

5.05b
6.13 3

Values are least square treatment means. Data from 18 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn = Control + 100 mg/kg zinc.
3
TN= thermoneutral environment, HS= heat stress environment.
4
Mean abdominal exudate cells (AEC) counted on a hernacytometer after
Sephadex stimulation.
5
Represents percentage of macrophages and heterophils scored out of
approximately 300 adherent cells per coverslip.
a. b Means within columns with different superscripts differ significantly (P<0.05).
2

Table 8. Phagocytosis of opsonized sheep red blood cells by abdominal
macrophages of broilers fed different levels of Zinc under thermoneutral or heat
stress conditions. 1
Diets2

Temp. 3

Control

TN
HS

% Phagocytic
4
macrophages
37.30
31.99

Low zinc

TN
HS

31.29
27.74

3.00
2.93

High zinc

TN
HS

37.22
32.24
0.83

6.04
3.81
0.27

Pooled SEM
Source of Variation
Diet
Temp.
Diet x Temp.
Main Effect Means
Diet
Control
Low zinc
High zinc
Temp.
TN
HS

0.0001
0.0001
0.5275

No. of SRBC/phagocytic
macrophage
4 .92
3.59

Probabilities

0.0001
0.0001
0.0001

34.64a
29.51 b
34.73a

4 .26b
2.97c
4.93a

35.27a
30.66b

4.66a
3.44b

1

Values are least square treatment means. Data from 18 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn = Control + 100 mg/kg zinc.
3
TN = thermoneutral environment, HS = heat stress environment.
4
Macrophages with engulfed opsonized SRBC were scored out of 300 cells per
coverslip.
a. b, c Means within columns with different superscripts differ significantly
(P<0.05) .
2
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Table 9. Phagocytosis of unopsonized sheep red blood cells by abdominal
macrophages of broilers fed different levels of zinc under thermoneutral or
heat stress conditions. 1
Diets2

Temp.3

Control

TN
HS

% Phagocytic
4
macroehages
27.94
24.11

Low zinc

TN
HS

23.04
22.06

1.87
1.81

High zinc

TN
HS

29.07
25.79
0.70

2.71
2.38
0.14

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Control
Low zinc
High zinc
Temp.
TN
HS

0.0001
0.0001
0.0444

No. of SRBC/phagocytic
macroehage
2.82
2.34

Probabilities

0.0001
0.0203
0.3486

26.02b
22.55c
27.43a

2.58a
1.84b
2.54a

26.68a
23.99b

2.47a
2.18b

1

Values are least square treatment means. Data from 18 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn= Control+ 100 mg/kg zinc.
3
TN = thermoneutral environment, HS = heat stress environment.
4
Macrophages with engulfed unopsonized SRBC were scored out of 300 cells
r.er coverslip.
a, · c Means within columns with different superscripts differ significantly
(P<0.05) .
2
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Table 10. Plasma and tibia zinc concentration of broilers fed different levels of
zinc under thermoneutral or heat stress conditions.1
Diets2

Temp.3

Zinc Concentration_.
Plasma

Tibia

197.71
192.40

420.88
426.50

Control

TN
HS

Ash
%
50.83
53.66

Low zinc

TN
HS

50.57
52.48

198.84
177.33

400.57
399.59

High zinc

TN
HS

51 .34
53.32
0.74

220.49
183.43
12.48

432.95
442.46
14.20

0.3248
0.0001
0.6645

Probabilities 0.3347
0.0060
0.2249

0.0001
0.4459
0.7880

52.24
51.53
52.33

195.05
188.09
201 .96

423.69 3
400.08b
437.70 3

50.91 b
53.15 a

205.68 3
184.39b

418.13
422.85

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Control
Low zinc
High zinc
Temp.
TN
HS
1

Values are least square treatment means. Data from 24 birds per treatment per
temperature environment.
2
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn= Control+ 100 mg/kg zinc.
3
TN = thermoneutral environment, HS = heat stress environment.
4
Values are µgig of bone ash, and µg/dl of plasma.
a, b Means within columns with different superscripts differ significantly (P<0.05).
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Table 11. White blood cell differential count and heterophil/lymphocyte ratio of
broilers fed different levels of zinc under thermoneutral or heat stress conditions. 1
Diets2

Temp. 3

Het.
31.22
26.63

White Blood Cells
Mon.
Eos.
4.67
5.33
4.38
4.50

Bas.
0.44
0.11

H/L4
0.56
0.42

Control

TN
HS

L;tm.
58.33
64.38

Low zinc

TN
HS

63.25
65.50

29.75
27.50

4.00
3.75

4.17
4.80

0.38
0.23

0.47
0.42

High zinc

TN
HS

63.56
57.67
1.67

31.00
35.89
1.92

3.11
3.78
0.80

2.86
3.00
0.72

0.11
0.17

0.50
0.63
0.04

0.0820
0.5701
0.0033

0.0200
0.6710
0.0354

0.2847
0.1626
0.7749

0.0353
0.5727
0.0075

61.35
64.38
60.61

28.92a
28.63a
33.44b

4.52
3.88
3.44

4.91
4.48
2.93

0.29
0.31
0.06

0.49ab
0.45b
0.56a

61.71
62.51

30.66
30.00

3.92
3.97

4.12
4.10

0.31
0.12

0.51
0.49

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Control
Low zinc
High zinc
Temp.
TN
HS
1

Probabilities
0.3943 0.0601
0.9498 0.9793
0.7902 0.6989

Values are least square treatment means. Data from 18 birds per treatment.
Control had no supplemental zinc, Low Zn was below NRC recommendation for
zinc, High Zn =Control + 100 mg/kg zinc.
3
TN =thermoneutral environment, HS =heat stress environment.
4
Heterophil/Lymphocyte ratio.
a, b Means within columns with different superscripts differ significantly (P<0.05).

2
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Figure 1. Total anti-sheep red blood cell antibody titers (primary) of broilers fed
different levels of zinc under thermoneutral or heat stress conditions.
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Figure 2. Anti-sheep red blood cell lgM antibody titers (primary) of broilers fed
different levels of zinc under thermoneutral or heat stress conditions
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Figure 3. Anti-sheep red blood cell lgG antibody titers (primary) of broilers fed
different levels of zinc under thermoneutral or heat stress conditions
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Figure 4. Total anti-sheep red blood cell antibody titers (secondary) of broilers
fed different levels of zinc under thermoneutral or heat stress conditions
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Figure 5. Anti-sheep red blood cell lgM antibody titers (secondary) of broilers fed
different levels of zinc under thermoneutral or heat stress conditions
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A

Figure 7. Example of a macrophage. A- a typical activated
macrophage with clearly defined phagocytic vacuoles;
8- activated macrophages showing no phagocytosis.
Wright-Geimsa stain. Magnification 1400X.

B
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A

Figure 8. Phagocytic Macrophages. A and B- very active
phagocytic abdominal macrophages with numerous
internalized SRBC. These were typical of the high zinc diets.
Wright-Geimsa stain. Magnification 1400X.

B

_,

112

C

Figure 9. Activated macrophages taken from
heat stressed broilers. C and D showing phagocytic activity
with a drastic reduction in the number of internalized SRBC.
Wright-Geimsa stain. Magnification 1400X.
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Figure 10. Normal and toxic heterophils. A and B. Normal multilobed heterophils found in the peripheral blood; C. Several
toxic heterophils found in blood of heat stressed broilers. Toxic
change is most often seen in heterophils and is characterized
by a combination of cytoplasmic basophilia, vacuolization,
degranulation and /or cellular swelling. This usually leads to a
decrease in the functioning of these cells, including their ability
to phagocytize and kill microorganisms. In this study, heat
stress seem to have interfered with the normal development of
these cells. Wright-Geimsa stain. Magnification 1400X.
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Figure 11. Monocytes and lymphocyte. A- Top arrow identifies a

normal lymphocyte, bottom arrow shows a typical monocyte
with the indented nucleus; B and C- normal monocytes.
Wright-Geimsa stain. Magnification 1400X.
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PART4
EXPERIMENT 2

Evaluation of Different Sources of Dietary Fatty Acids on the
Performance and lmmunocompetence of Broilers

118

ABSTRACT
One hundred and forty four male broilers were used to evaluate the effect
of different sources of fatty acids on growth and immune competence of heat
stressed broilers. Chicks were raised to day 21 in battery brooders and randomly
assigned to three treatments consisting of a basal diet supplemented with corn
oil, fish oil (menhaden), or fish oil+ Zn. Birds were transferred to individual wire
cages in two environmental chambers on day 22. One chamber was maintained
at 23.9 C (thermoneutral, TN), while the other cycled between 23.9 C and 35 C
(heat stress, HS). Humeral immunity was assessed by injecting birds
intravenously with 1 ml of 7% sheep red blood cell (SRBC) suspension followed
by evaluation of sera for total , mercaptoethenol resistant (ME-R), and MEsensitive (ME-S) antibody titers. Cell-mediated immunity was assessed by using
a Sephadex stimulation method to recruit and harvest abdominal exudate cells
(AEC), and phagocytic ability of macrophages determined.
Sources of dietary fatty acids did not impact growth performance of
broilers throughout the experimental period, however, HS birds consumed 11 %
less feed, and gained 8% less than TN birds. The weights of bursa and thymus
were reduced by 23% and 24%, respectively, under HS, while diet had no effect.
Number of AEC, and incidence of macrophages were not impacted by fatty acid
source or HS. Phagocytic macrophages were increased (P<0.003), as well as
the number of internalized opsonized (P<0.001) and unopsonized (P<0.004)
SRBC, while HS decreased these parameters (P<0.006). Total, ME-S (lgM), and
119

ME-R (lgG) antibody titers were highest (P<0.001) for fish oil + Zn, for both
primary and secondary responses, however, total and lgM titers for primary
response were reduced (P<).03) by HS, while lgG was not. Total and lgG
antibody titers for secondary response were reduced (P<0.01) by HS, while lgM
was not. Plasma zinc concentration was unaffected by dietary fatty acid source
or HS, while tibia zinc concentration increased (P<0.001) with com oil diet and
was not affected by HS.
Blood leukocyte count was not affected by fatty acid source or HS.
Heterophil/lymphocyte ratio decreased (P<0.05) when birds were fed the fish oil

+ zinc diet.
These results indicate that the feeding of fish oil could be beneficial in the
event broilers need to mount an effective immune response during heat stress
conditions.

(Key words: fatty acids, broilers, immune response, heat stress)
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INTRODUCTION
When prevailing temperatures rise above the zone of thermoneutrality, a
reduction in feed intake of broiler chickens can be expected to occur, and ·this is
usually accompanied by a decline in growth rate (Squibb et al., 1959; Austic,
1985; Geraert et al., 1996). Results from a previous study in our lab corroborate
these reports. Environmental temperatures of 35 C significantly reduced feed
intake, body weight gain, and feed efficiency.
Birds normally have a higher body temperature than mammals with an
average of approximately 41.5 C. When the ambient temperature exceeds the
comfort level of the birds, they experience heat stress. Due to feathering, as well
as the lack of sweat glands, hyperventilation becomes the predominant and most
important means of dissipating heat when temperatures reache the stress level
(Curtis, 1981). The reduction in feed intake observed during heat stress is one
other means that the bird uses to reduce body temperature, by reducing
metabolic heat production (Teeter et al., 1985; Geraert et al., 1996).
Exposure to high environmental temperatures has been reported to affect
the immune response of chickens (Thaxton et al., 1968; Subba Rao and Glick,
1970; Thaxton and Siegel, 1970, 1972). However, considerable variations have
been found in the responses. Some experiments show a clear
immunosuppressive action, while others, under the same environmental
conditions but using birds from a different genetic origin, were not
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immunosuppressive, and in some cases were even immunostimulatory (Heller et
al. , 1979; Regnier et al., 1980; Siegel , 1987).
The nutritional status of the bird is important in its response to infection.
The effect of nutrients and how their deficiency affects immunocompetency have
been reviewed (Chandra and Newberne, 1977; Beisel , 1982). One example of
this is the role of dietary essential fatty acids. Dietary n-3 and n-6 fatty acids
have been reported to have a profound impact on the fatty acid composition of
the membranes of leukocytes and consequently the amounts of prostaglandins
and leukotrienes released in response to extracellular signals (Klasing , 1992).
These are responsible for modulating the immune response. So far, however,
there is no consensus on the specific effects of fatty acids on the immune
system. Both the quantity and type of fat fed to broilers can influence humoral
and cellular immunity (Fritsche and Cassity, 1992). Fritsche et al. (1991a) fed
diets containing 7% menhaden fish oil, flaxseed oil, and corn oil to laying hens.
Primary antibody titers were significantly enhanced by fish oil, and lymphocyte
proliferation was altered. However, in a subsequent trial (Fritsche and Cassity,
1992) with broiler chickens, and using the same fat sources, no significant
differences in either the primary or secondary responses were observed. In
another report (DeWille et al. , 1979), 0% and 13% corn oil were fed to mice.
There was a significant reduction in humoral response after the first 56 days on
the diets, however, when they were switched to the 13% diet, they demonstrated
a full recovery of the humoral response after 7 days. Furthermore, it has been
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documented (Fritsche et al. , 1991b) that fatty acids have a substantial effect on
the fatty acid composition of chicken immune cells and tissues, one of the
mechanisms through which dietary fats modulate immune cell function (Kinsella
etal ., 1990). This impacts cellular phagocytic activity. The macrophage plasma
membrane is particularly susceptible to changes in membrane fluidity which itself
depends on the lipid composition of the lipid bilayer (Singer , 1971). It has also
been demonstrated that the engulfment of opsonized particles depends on the
physico-chemical properties of the membrane lipid phase of the macrophage
(Griffin and Silverstein, 1974).
Suggested reasons for the variation in results obtained from feeding
dietary fats, especially those rich in the n-6 and n-3 series, are age of the bird,
concentration and volume of the antigen, and the sex of the bird (Glick et al.,
1981 ). Research in this area is continuing to elucidate the effect of dietary fatty
acids on immunocompetence.
It has been documented that during periods of heat stress in broilers, an
increase in the dietary fat content of the diet would elevate the energy density of
the diet so that less feed must be consumed to meet the energy requirement
(Forbes and Swift, 1944). This would decrease the heat increment of
metabolism and increase the amount of usable energy to the bird and eventually
help in alleviating some of the discomforts of increased body temperature. Dale
and Fuller (1979), in their experiment, substituted fat for carbohydrates and
exposed birds to 31 .1 C. They observed a significant increase in body weight of
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birds fed the high fat diet, however, this increase was similar for both heat stress
and thermoneutral conditions, indicating that the beneficial effects of dietary fat
was independent of temperature.
To date, little research has been conducted evaluating the effects of
dietary fats on the performance and immune response of broilers exposed to
high environmental temperature stress. Therefore, the objectives of this project
were:
1. To determine the effect of different types of fatty acids on performance
of broilers exposed to high environmental temperature.
2. To evaluate the immunocompetence of broilers fed different fatty acids
and exposed to high environmental temperature.
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MATERIALS AND METHODS
Chickens and Diets
One hundred and forty four, one-day-old Arbor Acres male broiler
chickens were obtained for use in this experiment. On arrival chicks were wingbanded , weighed and randomly assigned to twelve experimental units in a
Petersime brooder battery. There were twelve chicks per pen with one of three
dietary treatments randomly assigned to each pen with four replications of each
treatment. Water and feed were provided for ad libitum consumption. Feed
intake and body weights were monitored weekly.
For the first 21 days post-hatch , birds were kept under 23 h light: 1 h dark
photoperiod and thermoneutral conditions. Experimental diets (Table

1r were

formulated to meet or exceed National Research Council requirements (NRC,
1994), and were iso-caloric and iso-nitrogenous. There were three dietary
treatments. Diet 1 contained corn oil with no supplemental zinc, diet 2 contained
menhaden fish oil with no supplemental zinc, and diet 3 consisted of menhaden
fish oil 1 plus 100 mg/kg zinc supplied by a zinc poly-amino acid complex2.
Temperature Treatments
At the end of 21 days, 7 chicks from each replication from each dietary
treatment (total of 28 birds/treatment) were randomly selected and weighed.
They were divided into two groups and transferred to two environmental

• All Tables and Figmes may be found at the end of this Part 4
1
Omega Proteins Inc., Refined Oils Division, P. 0 . Box 175, Reedville, VA 22539
2
Zinpro Corporation, Eden Prairie, MN
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chambers where they were placed in individual cages. In one environmental
chamber, the ambient temperature was adjusted so that daily fluctuations were
between 23.9 and 37 C, to simulate diurnal temperature patterns during heat
stress. Birds in this chamber were exposed to 12 hours of 23.9 C, 3 hours of
23.9 to 37 C, 6 hours of 37 C, and 3 hours of 37 to 23.9 C. In the other chamber,
the temperature was maintained at a constant 23.9 C. Relative humidity was
allowed to fluctuate but not fall below 45%. Birds were continued on the same
dietary treatments for the next four weeks and feed intake and body weights
were monitored on a weekly basis.
lmmunocompetence Evaluations
Cell-mediated immunity. The avian species lack a resident population of
harvestable cells in the abdominal cavity (Rose and Hesketh, 1974; Sabet et al. ,
1977; Trembicki et al., 1984). Therefore, birds were evaluated for cell-mediated
immunity using a Sephadex stimulation method previously described (Qureshi et
al. , 1986). Briefly, on day 32, three birds per treatment from each environmental
chamber were randomly selected. A 3% suspension of pre-swollen Sephadex G503 was prepared in 0.85% sterile saline and injected into the abdominal cavity at
the rate of 1ml/100 g body weight.
Harvesting Abdominal Exudate Cells (AEC}
Approximately 42 hours after Sephadex injection, birds were slaughtered
by cervical dislocation. The abdominal area was cleaned with 70% ethanol and a

3

Sigma Chemical Co., St. Louis, MO 63178-9916
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small incision (approximately 1cm) was made in an area with as few blood
vessels as possible. The cavity was then flushed with sterile heparinized saline
solution (0.5 U/ ml). Approximately 30 ml of abdominal exudate fluid were
collected from each bird into conical siliconized glass tubes on ice, using a
fabricated harvester (created by M.A. Qureshi, personal communication). Tubes
were allowed to sit for about 20 minutes so that debris, such as fat and tissues,
could settle at the bottom of the tube. The exudate fluid was pipetted into clean
sterile siliconized glass tubes and centrifuged at 500 x g at 8 C for 15 minutes.
The supernatant was removed and the abdominal exudate cell (AEC) pellets resuspended in 5 ml of RPMl-1640 growth medium4 supplemented with 5% fetal
bovine serum, and 1% antibiotics (Penicillin-Streptomycin).
Macrophage Culture
Total number of AEC in suspension were determined by counting all nonerythroid cells for each chick on a hemacytometer utilizing the trypan blue
exclusion technique (Phillips, 1977). Briefly, 10 µI of 0.4% trypan blue plus 10 µI
of sample were placed in a microcentrifuge tube and then 10 µI of that mixture
counted on the hemacytometer (Qureshi and Miller, 1991) at40X magnification.
Five squares were counted and total cells calculated as follows:
No. cells counted * 5 squares *dilution factor = Total no. of cells * 104
Two decimal places to the left gives no.of cells * 106 , which is how number of
cells were reported .
4

Gibco Laboratories, Grand Island, NY 14073
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After determining total AEC in the 5 ml cell suspension, 1 ml was placed in
sterile 35 mm petri dishes (one for each chick) containing 4 sterile 13 mm
coverslips, to determine adherence index potential (Al) of the macrophages.
Dishes were incubated at 41 C at 5% CO2 for one hour. After removal from
incubator, coverslips were washed with sterile 0.85% saline to remove all nonadherent cells. The concentration of the rest of the cells in suspension were
adjusted to 1x106 cells/ ml for phagocytosis assay.

Phagocytosis Assay
The phagocytic activity of the macrophages were determined using an

in

vitro sheep red blood cell (SRBC) phagocytic assay as previously described
(Qureshi et al., 1986) (Appendix 1). The percentage of macrophages phagocytic
for opsonized and unopsonized SRBC (1 % SRBC concentration), and the mean
number of internalized SRBC per phagocytic macrophage were scored. Three
hundred cells per coverslip were counted with a total of 1200 cells per chick.

Collection and preparation of SRSC: Twenty five ml of blood were
collected by jugular venipuncture from a sheep supplied by Blount Farm,
University of Tennessee, Knoxville, TN, in 0.5 ml of a 3% potassium oxalate
solution. The blood was centrifuged at 300 x g at 4 C for 20 minutes.
Supernatant was removed and the cell pellet re-suspended in 5 volumes of 0.9%
sterile saline, and washed three times until supernatant was clear. A final wash
was done in Alsever's solution (Appendix 1) and cells stored at 4 C in
approximately 10 volumes of Alsever's solution.

128

Preparation of opsonized and unopsonizecl SRBC: The SRBC was
removed from the refrigerator and Alsever's solution removed. The cells were
washed twice in 0.9% sterile saline at 300 x g at 10 C for 15 minutes. For 1%
concentration of unopsonized SRBC, 250 µI of cells were placed in 25 ml of
RPMl-1640 growth medium. For opsonized SRBC cells were prepared as
mentioned above, except 2 µI/ mt of quail anti-SRBC serum was added to 25 ml
of 1% SRBC suspension. This was then incubated in a 37 C waterbath for 30
minutes. The tube was removed and gently shaken to coat cells before being
centrifuged at 300 x g at 10 C for 10 minutes. Cells were washed once more
with RPMl-1640 growth medium. Cells were finally re-suspended in 25 mt of
RPMl-1640 growth medium.

In vitro phagocytosis: One ml of the 1x1 O6 AEC concentration was
placed in each of two sets (I opsonized and I unopsonized per chick) of 35 mm
petri dishes containing 4 sterile 13 mm glass coverslips and incubated at 41 C at
5% CO2 for one hour.
Petri dishes were taken from incubator and growth medium removed.
Immediately, I ml of opsonized SRBC was placed in petri dishes, and I mt
unopsonized SRBC placed in another set of petri dishes. Dishes were again

incubated for one hour at 41 C and 5% CO2. Coverslips were washed with
sterile 0.85% sterile saline to remove any free SRBC. They were then placed on
staining racks.
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Staining cells: All racks containing coverslips were placed in methanol for

10 minutes to fix cells to the coverslips. Cells were stained using CMS
Protocol™ HEMA 3® Staining Kif. Racks containing coverslips were dipped in
the Fixative solution five times, one second each dip. Excess solution was
drained off and racks immediately dipped in Solution 1 (eosinophilic staining),
~nd then Solution 11 (basophilic staining), as done previously in Fixative solution.
Coverslips were then left to dry.
After drying, coverslips were mounted on to microscopic slides by placing
a drop of the Cytoseal 60 mounting medium (Fisher) , on to the slide and placing
the coverslip on the slide with the cell side facing down. Slides were dried and

300 cells including macrophages, phagocytic macrophages, number of
internalized SRBC per phagocytic macrophage, and heterophils), were scored for
each coverslip per chick at 1OOX magnification.

Humoral Immunity
Sheep red blood cells were used as a test antigen to quantitate specific
antibody response. On day 32, three chicks per dietary treatment per
environmental chamber were bled by brachia! venipuncture and 3 ml blood
collected for pre-challenge antibody titer analysis. The same chicks were then

immunized intravenously via the wing with 1 ml of 7% SRBC suspension
prepared in 0.85% sterile saline. Seven days post-injection, all birds were bled
by brachia! venipuncture and 3 ml blood collected for primary antibody response.

5

Fisher Scientific Co., LLC, 2775 Horizon Ridge CT, Suwanee, GA 30024
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The blood was left at room temperature for approximately two hours to allow
blood to clot. The clotted blood was then wrung using a wooden applicator stick
and placed in refrigerator overnight for maximum sera yield. The antigenic
challenge was repeated 14 days after the first injection and blood samples
collected as before at 3 days post-injection to determine secondary antibody
response. Antibody levels were quantitated using a microhemagglutination
technique (Witlin, 1967).
Antibody assay. Each serum sample was tested for total antibody

response, lgM, and lgG levels using the 2-mercaptoethanol technique previously
described (Qureshi and Havenstein, 1994; Lepage et al., 1996). Briefly, blood
samples were removed from refrigerator and sera pipetted off into
microcentrifuge tubes. Sera samples were heat-inactivated in a 56 C waterbath
for 30 minutes. For total antibody titers, 50 µl of Phosphate Buffered Saline
(PBS) was placed in the first row of wells in a 96-well V-bottom microtitration
plate (Fisher) . To the same wells containing PBS, 50 µI of serum was added .
The plates were covered with Sigma plate sealing strips to prevent
contamination, and incubated at 37 C for 30 minutes.
Plates were removed from incubator and 50 µI PBS added to the eleven
remaining wells in each row. A two-fold serial dilution of the samples was done
using a microdiluter, then 50 µI of a 2.5% SRBC suspension added to each well.
Plates were sealed and incubated at 37 C for 30 minutes.
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The mercaptoethanol (ME) sensitive (presumably lgM), and ME- resistant
(presumably lgG) antibodies were assessed as described for total antibodies
except that 50 µI of ME (.7 ml of 2-ME + 99.3 ml PBS) was added to the first row
of wells. Titers were read by holding microtiter plates over a lighted mirror to
observe wells showing agglutination. These readings were recorded as MEresistant (ME-R) titers. The ME-sensitive (ME-S) titers were the difference
between the total (PBS) titers and the ME-R titers. All antibody titers were
reported as log 2 of the reciprocal of the last dilution in which agglutination was
observed.

White Blood Cell Differential Count
On day 48, three chicks per treatment per environmental chamber were
bled by brachia! venipuncture and approximately 0.2 ml of blood collected in 15%
EDTA. Microscope slides were immediately smeared and left to dry for
approximately one hour. Slides were placed on staining racks and stained as
before. A total of 300 cells including lymphocytes, heterophils, monocytes,
eosinophils, and basophils, were counted per slide per bird and the number of
each cell was determined as a percentage of the total cell count.
Heterophil/Lymphocyte ratio, as a measure of stress, was determined by dividing

the number of heterophils counted by the number of lymphocytes.

Plasma and Tibia Zinc Concentration
Three chicks per dietary treatment per environmental chamber were bled
by brachia! venipuncture on day 48 for plasma zinc concentration analysis.
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Syringes were coated with heparin-saline (100 U/ ml), and 6 ml of blood was
collected in NH4-heparin collection tubes. The blood was centrifuged at 1500 x g
for 20 minutes and the plasma pipetted into polypropylene culture test tubes and
stored at -20 C until analysis. Analysis was done using a Thermo Jarrel Ash
Solaar 969 Atomic Absorption Spectrophotometer, utilizing the method of
Gorsuch (1973). On day 50, 3 birds per treatment per chamber were
slaughtered and right tibia removed for zinc concentration analysis.
Plasma Fatty Acid Profile Analysis

Three birds per treatment from each environmental chamber were bled by
brachial venipuncture on day 48 for plasma fatty acid profile analysis. Syringes
were coated with 15% EDTA and 6 ml of blood collected in EDTA blood
collection tubes. The blood was centrifuged at 10,000rpm for 20 minutes and
plasma pipetted into polypropylene culture test tubes and stored at -20 C until
analysis. Plasma fatty acids were determined by the method of LePage and Roy
(1988). The fatty acid profile of the feeds (Table 2) were determined using the
method of Sukhija and Palmquist (1988).
Processing of Birds and Collection of Immune Organs

Carcasses from slaughtered birds were weighed and recorded . Thymus,
spleen, liver, and bursa of Fabricius, were collected and weighed. An obvious
difference in the weight of the organs from both temperature environments were
observed. Slices of each tissue were therefore collected and immediately placed
in 10% buffered formalin phosphate and refrigerated overnight. Next day the
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formalin was removed and replaced with 70% ethanol. The samples were then
sent to The University of Tennessee College of Veterinary Medicine Pathology
laboratory for a morphological evaluation.
Experimental Design and Statistical analysis
The experiment just outlined was repeated three times. The design used
was a randomized block design blocking on time. The experimental data were
analyzed using the Mixed Model Procedure of SAS (SAS, 1995). Differences
among treatment means were determined using least significant difference. Log 2
transformations were done on antibody titers prior to statistical analysis.
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RESULTS
Growth Performance
The feeding of corn oil, fish oil , and fish oil+ Zn did not significantly impact
the overall body weight gain, feed intake, or feed efficiency of broilers for the first
three weeks (Table 3). This trend continued throughout the seven weeks of the
experimental period after the birds were transferred to individual cages in the
environmental chambers (Table 4). Heat stress, however, had a significant effect
on overall weight gain (P<0.04), and feed intake (P<0.05). Weight gain
decreased by 8% and feed intake by 11 %. Feed efficiency was not affected by
heat stress.
Organ Weights
Lymphoid organ and liver weights as a percentage of body weight, were
not affected by fat source (Table 5) . There was a 24% reduction (P<0.04) in
thymus weights, while bursa weights were reduced (P<0.01) by 23% in heat
stressed birds. Spleen and liver weights were not affected by temperature.
Primary and Secondary Antibody Responses
Prior to antigenic challenge, hemagglutination assay was conducted and
no pre-challenge antibodies were present in sera of birds. Table 6 shows the
main effect means of the effects of temperature and diet on total, lgM, and lgG
antibody titers. The data represents the means of log2 of the reciprocal of the last
dilution exhibiting agglutination. Total, lgM, and lgG antibody titers were highest
(P<0.001) for fish oil+ Zn with 49% more than corn oil, and 16% more than fish
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oil. lgM and lgG primary antibodies were 43% and 28% higher in fish oil diets,
respectively, than corn oil. Total and lgM antibodies were reduced (P<0.03) by
heat stress, however, lgG titers were not affected. Although not significant, total ,
lgM, and lgG titers (Figures 1, 2, and 3, respectively) tended to show an
improvement when birds were fed the fish oil +Zn in a heat stress condition.
The main effect means of the effects of diet and temperature on
secondary total, lgM, and lgG antibody titers are presented in Table 7. Total and
lgG titers were highest (P<0.001) in birds fed the fish oil +Zn diets, while lgM
titers were similar for both fish oil diets but significantly higher (P<0.001) than
corn oil. Heat stress significantly reduced total (P<0.001), and lgG (P<0.01)
titers, but lgM titers were not affected by heat stress. Figures 4, 5, and 6 show
the diet by temperature data for total, lgM, and lgG antibody titers, respectively.
There were no significant interactions, however, there was a tendency towards
an improvement in some variables when fish oil + Zn diets were fed to heat
stress birds.

Cellular Immune Responses
Chicks were assessed for number of AEC, and incidence of macrophages
in AEC (Table 8). None of these parameters were altered by diet or temperature.
Figure 7 presents samples of activated abdominal macrophages.
Macrophages from the fish oil and the fish oil+ Zn diets had greater (P<0.003)
phagocytic activity and also greater (P<0.001) number of internalized opsonized
SRBC per phagocytic macrophage, than the com oil diet by 17% and 37%,
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respectively (Figure 8). Heat stress significantly reduced phagocytic
macrophages (P<0.03), and internalized opsonized SRBC (P<0.001). Figure 9
clearly shows a reduction in the phagocytic activity of heat stressed birds.
Table 10 shows the percent of phagocytic macrophages and number of
engulfed unopsonized SRBC per phagocytic macrophage. There was a higher
(P<0.002) percentage of phagocytic macrophages and engulfed unopsonized
SRBC with the fish oil diets (Figure 10). The number of internalized unopsonized
SRBC was reduced (P<0.004) 15% by heat stress.
Plasma and Tibia Zinc Concentrations
The ash content of bone was higher (P<0.001) for fish oil diets than com
oil , and unaffected by heat stress (Table 11). Tibia zinc concentration was
highest (P<0.001) in the com oil fed birds while plasma zinc concentration
remained unaffected. Temperature did not alter bone or plasma zinc.
White Blood Cell Count and Heterophil/Lymphocyte Ratio
Leukocyte population (Table 12), remained unaffected by diet and
temperature, however, heterophilnymphocyte ratio decreased (P<0.05) with fish
oil + Zn and was not affected by heat stress. Figures 11, 12, and 13 show
normal and toxic leukocytes found in the peripheral blood of the birds used in this
study. The majority of the toxic cells, mostly heterophils, were found in the heat
stress birds.
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Plasma Fatty Acid Profile
Table 13 presents the plasma fatty acid profile from birds fed com oil and
fish oil diets. Results indicated that the linoleic acid (18:2n-6) in the corn oil diet
was converted to arachidonic acid (20:4n-6). The C20:4 and C20:5 in the fish oil
diets were reflected in the plasma.
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DISCUSSION
In the present experiment, the average mean body weight, feed intake,
and feed efficiency were similar across treatment groups throughout the study
period. Similar results were obtained with broilers fed various levels of fat
(Fritsche and Cassity, 1992; Pinchasov and Nir, 1992; Friedman and Sklan,
1995). The tack of a growth stimulating effect of fish oil in broilers is contrary to
previous observations with laying hens (Fritsche et al., 1991a), and with broilers
(Nir, 1990). Korver et al. (1997) saw a more rapid gain in bodyweight and feed
consumption of chicks fed menhaden fish oil at 4g/1 00g diet, than those fed corn
oil. It was once thought that fish solubles contained unknown growth factors
(Chu, 1968). Some researchers have shown that fish oil promoted growth as
well as, but not better than corn oil (Engster et al., 1975). However, others
(Edwards and Marion, 1963) reported that the addition of 4% fish oil to the diet of
chickens depressed growth. These authors did not stabilize their fish oil with
antioxidants. It is likely that the reduced growth observed was a result of
decreased palatability of the diets caused by autoxidation of the highly
unsaturated fish oil. In the present study, the antioxidant ethoxyquin was used to
prevent oxidation of the fish oil. When the birds in this study were exposed to
heat stress environment, weight gain and feed intake were significantly
depressed. This was not surprising due to the numerous reports demonstrating
the reduction in overall performance during heat stress. Dale and Fuller (1979)
also observed significant weight reduction in broilers exposed to 31 C. In one of
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their studies, an improvement in growth rate was observed when dietary fat was
fed under hot as opposed to cool conditions. In a report by Fuller and Mora
(1973), the beneficial effects of dietary fat appear to be greater under high
environmental temperature than in cool, thus alleviating heat stress. In those
experiments the severity of heat stress was less than in the present experiment.
A suggestion was made by Joiner and Huston, (1957) that the physiological
factors responsible for retarded growth rate at high environmental temperatures
might be mediated through the thyroid. Thus, reduced feed intake might not be
the only cause of the depressed growth rate associated with heat stress.
Immune organ weights and liver weight in the present experiment were
not affected by treatments. Although this was consistent with findings by Fritsche
et al. (1991a), in their experiment, evidence of splenic hyperplasia was seen in
laying hens fed fish oil diets. A similar response was observed in rodents fed a
diet rich in n-3 fatty acids (Fritsche and Johnston, 1990). DeWille et al. (1979)
also noted a decrease in thymus and spleen weights in mice when 0% corn oil
was fed compared to 13%. Organ weights were significantly depressed by heat
stress in the present study. This was expected based on the significant reduction
in body weight and feed intake by heat stressed birds, and these tissues were
measured based on a percentage of the birds body weight. A sample of each
tissue was sent to the pathology laboratory to see if there were any
morphological changes related to the heat stress compared to those from the
thermoneutral environment. Atrophy of the bursa in several of the heat stress
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birds was observed, however, spleen and thymus showed no morphological
differences. It has not yet been determined what mechanism is at work during
periods of heat stress that lead to these changes, but it could explain the
reduction in the immune response observed in birds exposed to high
environmental temperatures.
The avian species lack resident macrophages in the abdominal cavity,
therefore it is essential to recruit these inflammatory cells into the abdominal area
by injecting an inflammatory agent (Glick et al., 1964). In the present study, the
type of dietary fat fed , as well as heat stress, did not influence the number of
inflammatory cells recruited . No other evidence could be found on the influence
of dietary fats, or temperature, on the recruitment or activity of macrophages.
However, one report stated that the phagocytic ability of murine macrophages to
yeast particles was suppressed by n-3 compared to n-6 fatty acids (Calder et al.,
1990). This is contrary to the results from this present study in which the
phagocytic ability of abdominal macrophages was enhanced by n-3 (fish oil) fatty
acids. The phagocytic activity of murine macrophages with in vitro addition of
fatty acids of increasing unsaturation in growth medium was enhanced (Schroit
and Gallily, 1979). These authors did not report the source of the fatty acids
used in their experiment. Macrophage phagocytic ability is a membraneassociated event and is dependent upon membrane structure, in particular on the
membrane fluidity. Polyunsaturated fatty acid~ are components of the cell
membrane and there is evidence that an alteration in fatty acid composition of
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membrane phospholipids can lead to changes in the functioning of the
membrane (Brenner, 1984; Stubbs and Smith, 1984). Therefore, different fatty
acids can potentially give rise to different membrane properties which will
eventually affect membrane-associated events like phagocytosis by
macrophages.
In this study, birds raised in a heat stress environment showed a
significant reduction in the phagocytic ability as well as the number of internalized
SRBC. This was expected because of the widely reported detrimental effects of
heat stress on the overall performance of broilers. With the reduction of feed
intake caused by heat stress, the level of nutrient intake is also affected . Reports
indicate a redistribution of nutrients to meet the metabolic requirements of an
immune response (Bauman and Currie, 1980), moreover, the reduction in feed
intake alters the amount of nutrients available for the proper functioning of the
immune cells.
Sheep red blood cells were used to test the antibody response of broilers.
Both the primary and secondary response was enhanced in birds fed the fish oil
diets. This was inconsistent with observations made by Fritsche and Cassity
(1992). They found no differences in the primary or secondary response in
broilers fed 7% added fat from corn oil , fish oil, lard, or flaxseed oil. This was in
contrast to previous observations in the laying hen (Fritsche et al. , 1991a) where
chickens fed the fish oil diets had higher antibody titers to SRBC than the other
diets. Although there are no evidence to support this concept, they speculated
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that it may be possible that the humoral immune response in broilers is regulated
differently than in laying hens. Moreover, it was suggested that the humoral
response of chickens changes considerably during the early stages of life
(Delhanty and Solomon, 1966), therefore, age could be a factor. Furthermore,
both the concentration and volume of the SRBC used to challenge the birds have
been shown to influence the hemagglutination response in chickens (Glick et al. ,
1981). There are other reports emphasizing the inconsistent responses of
feeding different types of dietary fats and their effects on antibody production.
Enhancement of antibody production by fish oil was observed in mice (Prickett et
al. , 1982), however, no differences in chickens (Phetteplace et al. , 1989), in
rabbits (Kelley et al. , 1988).
Friedman and Sklan (1995) explained that optimal antibody production
appear to be dependent on sufficient polyunsaturated fatty acids. They found
that addition of 12% fat to the diet resulted in reduction in antibody production.
They believe that this could be due to a reduction in eicosanoid production and
membrane oxidative damage.
Evidence shows that there is an interaction between dietary zinc and
polyunsaturated fatty acids. Bettger et al. (1979) conducted experiments in rats
utilizing various combinations of low and adequate levels of dietary zinc and fatty
acids. The polyunsaturated fatty acids were supplied by either corn oil, or
soybean oil, and the adequate zinc diets contained 100 mg/kg zinc. Results
showed that low zinc status accentuated the signs of essential fatty acid
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deficiency including growth rate, but did not affect plasma fatty acid profile.
When zinc was adequate there were no signs of fatty acid deficiency. In a
subsequent study with broilers (Bettger et al., 1980), using the same methods as
the previous study, chicks fed the zinc-deficient diets grew at a greater rate when
the diet had no added fat. They suggested that the improved growth could have
resulted from a more favorable zinc metabolism. These results were in contrast
to the previous study in rats where low polyunsaturated fats and zinc deficiency
interacted positively to depress growth. In the present study, one diet consisted
of adequate polyunsaturated fat plus added zinc, however, this did not
significantly improve growth rate as expected, moreover, tibia zinc was
significantly lower when fed this diet compared to the corn oil diet, while plasma
zinc remained unchanged. There is no clear explanation for the lack of positive
response because a follow up study was not done to see if the supplementation
of zinc to the fish oil diet had a negative response.
Heterophil/lymphocyte (H/L) ratio, which is used as a measure of stress in
chickens, was reduced by fish oil + Zn. No previous data could be found to
corroborate this observation, however, one explanation could be that this diet
combination acted positively to reduce stress in the bird. One surprising result
was the lack of effect of heat stress on the H/L ratio. Our results showed that
when the birds were heat stressed the H/L ratio did not increase, however, this
could have been as a result of diet. Further study is needed to clarify this
observation.
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Although neither diet nor temperature significantly altered the number of
leukocytes in the peripheral blood of the chickens, a number of toxic cells were
found in the heat stressed birds in this study. This observation was made in a
previous study in this laboratory. This shows a consistency of the effects of heat
stress on the health of these cells. This could affect the birds' response to an
inflammatory challenge since these cells are directly involved. The mechanisms
are not yet understood and there could be other factors involved.

145

SUMMARY AND CONCLUSION
The different sources of dietary fatty acids did not impact body weight
gain, feed intake, or feed efficiency throughout the seven-week study period .
However, weight gain and feed intake were significantly reduced by heat stress,
while feed efficiency was not. Lymphoid organs and liver weights were not
affected by dietary fat sources, however, thymus and bursa weights were
reduced by heat stress.
Both primary and secondary antibody titers were highest in birds fed the
fish oil diets. Total and lgM antibodies were reduced by heat stress, while lgG
titers were not, during the primary challenge. However, during the secondary
response, total and lgG titers were altered by heat stress, and lgM titers were
not.
The number of AEC, and incidence of macrophages in AEC were not
affected by either diet or temperature. Chicks on both the fish oil and fish oil + Zn
diets showed higher phagocytic activity and a greater number of internalized
SRBC, than corn oil diets, for both opsonized and unopsonized SRBC.
Tibia zinc concentration was highest in birds fed the com oil diets, while
plasma zinc remained unchanged by diet. Temperature did not affect bone or
zinc concentrations.
White blood cell numbers were not affected by diet or temperature,
however, birds that were heat stressed demonstrated some changes in cell
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morphology. Heterophil/lymphocyte ratio was decreased in birds fed the fish oil+
Zn, but was not affected by heat stress.
Results presented here indicate that polyunsaturated fatty acids,
particularly those of the n-3 series, are crucial in maintaining the functional
integrity of the immune response. Although the mechanisms of this effect are not
yet established, essential fatty acids are important components of membranes
and lipoproteins and could affect lymphocyte activation and therefore influence
immunity.
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Table 1. Composition of Experimental Diets
Ingredients
Yellow Corn, Ground
Soybean Meal (48%CP)
Corn Oil
Fish Oil (Menhaden) 1
Dicalcium Phosphate
Limestone
Salt
D,L-Methionine
Vitamin-Tm Mix 2
Caban 3
Sand 4
Calculated nutrient composition
CP,%
ME, kcal/kg
Ca, %
P, %
Cu, mg/kg
Zn, mg/kg

1

51.26
38.00
5.49
1.43
1.37
0.40
0.15
1.00
0.10
0.80
22.94
3178.9

1.04

0.52
15.45
106.8

1

Diet
2
51.26
38.00

3
51.26
38.00

5.75
1.43
1.37
0.40
0.15
1.00
0.10
0.54

5.75
1.43
1.37
0.40
0.15
1.00
0.10
0.54

22.94
3178.9
1.04
0.52
15.45
106.8

22.94
3178.9
1.04
0.52
15.45
206.8

Fish oil stabilized with antioxidant, Ethoxyquin.
Supplied per kilogram of diet: Copper, 8 mg; Iodine, 0.4 mg; Iron, 100 mg;
Selenium, 0.3 mg ; Vitamin A (retinyl acetate), 4540 IU; Vitamin D3, 1543 ICU;
Vitamin E, 15.4 IU; Choline, 284 mg; Niacin, 34 mg; d-Pantothenic acid, 5.7 mg;
Riboflavin, 3.4 mg; Menadione, 0.85 mg; Vitamin 812, 0.01 mg; Biotin, 0.1 mg;
Folic acid, 0.5 mg; Thiamine, 0.6 mg.
3
Coccidiostat, Elanco Products Co., Indianapolis, IN 48285
4
In diet 3, zinc was added at the expense of an equivalent percentage of sand.

2
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Table 2. Fatty acid composition of experimental diets.
Diets

Fatty acids
(g/100 g}
C 18-1
C 18-2 C 18-3
48.68
23.46
2.26

Corn oil

C 16-0
14.75

C 18-0
3.44

Fish oil

19.81

3.57

8.97

14.69

Fish oil + Zinc

18.95

3.43

11.86

15.20

1

C 20-4

C 20-5

3.90

0.65

6.34

3.53

0.46

6.56

Fatty acids are denoted by the number of carbons followed by the number of
double bonds.
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Table 3. Body weight gain, feed intake, and feed efficiency of 3-week-old broilers
fed corn oil, fish oil, and fish oil + zinc.1
Diets2
Corn oil

Gain
(g)
693.75

Feed intake
(g)
1001 .51

Feed efficiency
(gain/feed)
0.69

Fish oil

680.33

993.59

0.68

Fish oil + Zinc

647.10

1020.45

0.63

37.72

19.22

0.03

Pooled SEM
1
2

Values are least square treatment means. Data from 48 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.
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Table 4. Body weight gain, feed intake, and feed efficiency of 7-week-old broilers
fed corn oil, fish oil, and fish oil +zinc under thermoneutral or heat stress
conditions.1
Diets2

Temp. 3

Gain

Feed intake

Corn oil

TN
HS

1814.53
1543.78

3695.26
3152.12

Feed efficiency
{gain/feed}
0.49
0.49

Fish oil

TN
HS

1623.37
1534.63

3548.15
3142.04

0.46
0.49

Fish oil + Zinc

TN
HS

1588.45
1574.91
74.72

3427.81
3297.97
105.75

0.45
0.48
0.01

0.2768
0.0482
0.1904

Probabilities
0.6368
0.0005
0.0930

0.2756
0.1260
0.5998

1679.15
1579.00
1581.68

3423.69
3345.09
3362.89

0.49
0.47
0.47

1675.453
1551 .11b

3557.073
3197.36b

0.47
0.49

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Corn oil
Fish oil
Fish oil + Zinc
Temp.
TN
HS

{g}

1

{g}

Values are least square treatment means. Data from 72 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.
3
TN =thermoneutral temperature environment, HS =heat stress temperature
environment.
a, b Means within columns with different superscripts differ significantly (P<0.05).

2
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Table 5. Lymphoid organs and liver weights of broilers fed com oil , fish oil, and
fish oil + zinc under thermoneutral or heat stress conditions.1
Diets2

Temp. 3

Com oil

TN
HS

Thymus 4
(%BW)
0.53
0.39

Fish oil

TN
HS

0.45
0.40

Fish oil + Zinc

TN
HS

0.42
0.37
0.04

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Com oil
Fish oil
Fish oil + Zinc
Temp.
TN
HS

0.14
0.11

Liver
(%BW)
1.60
1.43

0.21
0.15

0.14
0.13

1.70
1.61

0.20
0.17
0.02

0.13
0.14
0.01

1.64
1.63
0.07

Bursa
(%BW)
0.22
0.18

Spleen

(%SW)

Probabilities
0.5183
0.8046
0.0152
0.2311
0.3240
0.6425

0.3584
0.0459
0.6121

0.0923
0.1126
0.4765

0.46
0.42
0.39

0.20
0.18
0.19

0.12
0.13
0.13

1.52
1.66
1.63

0.46a
0.37b

0.21 a
Q.17b

0.14
0.12

1.64
1.56

1

Values are least square treatment means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.
3
TN = thermoneutral temperature environment, HS = heat stress temperature
environment.
4
All thymic lobes from both sides of each chick were weighed.
a. b Means within columns with different superscripts differ significantly (P<0.05).
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Table 6. Main effect means of anti-sheep red blood cell primary antibody
response of broilers fed corn oil, fish oil, and fish oil + zinc under thermoneutral
1
or heat stress conditions.
Treatments

Total Ab4

lgM4

lgG4

Diets2
Corn oil

4.ooa

Fish oil
Fish oil + Zinc

7.21a

4.38a

2.84a

Pooled SEM

0.20

0.16

0.22

Temp.3
TN

6.44a

2.41

HS

2.15

1

Values are least square means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil +100
mg/kg zinc.
3
TN= thermoneutral temperature environment, HS= heat stress temperature
environment.
4
Data represent means of log 2 of the reciprocal of the last dilution exhibiting
agglutination.
a,o,c Means within columns with different superscripts differ significantly (P<0.05).
2
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Table 7. Main effect means of anti-sheep red blood cell secondary antibody
response of broilers fed corn oil, fish oil, and fish oil+ zinc under thermoneutral
or heat stress conditions.1
Treatments

Total Ab

4

lgM4

lgG4

Diets2
Corn oil

6.11c

1.78b

4.33b

Fish oil

7.17b

2.508

4.67b

Fish oil + Zinc

8.088

2.24ab

5.858

Pooled SEM

0.15

0.23

0.23

Temp.3
TN

7.578

2.31

5.278

HS

6.67b

2.04

4.63b

1

Values are least square means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil +100
mg/kg zinc.
3
TN= thermoneutral temperature environment, HS= heat stress temperature
environment.
4
Data represent means of log 2 of the reciprocal of the last dilution exhibiting
agglutination.
a,o,c Means within columns with different superscripts differ significantly (P<0.05).
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Table 8. Incidence of macrophages and heterophils in abdominal exudate cells of
broilers fed com oil, fish oil, and fish oil+ zinc under therrnoneutral or heat stress
conditions. 1
Diets2

Temp. 3

Macrophages5

Heterophils5

93.37
95.65

6.63
4.35

Corn oil

TN
HS

AEC4
(x 106 }
11.89
14.07

Fish oil

TN
HS

16.11
16.47

95.50
94.28

4.50
5.72

Fish oil + Zinc

TN
HS

14.27
16.60
2.37

93.08
94.00
1.12

6.92
6.00
1.12

0.5272
0.5092
0.9361

Probabilities
0.2925
0.3674
0.1608

0.2925
0.3674
0.1608

12.98
16.29
15.43

94.51
94.89
93.54

5.49
5.11
6.46

14.09
15.71

93.99
94.64

6.01
5.36

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Corn oil
Fish oil
Fish oil+ Zinc
Temp.
TN
HS
1
2
3
4

5

(%}

(%}

Values are least square treatment means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.
TN thermoneutral temperature environment, HS heat stress temperature
environment.
Mean abdominal exudate cells (AEC) counted on a hemacytometer after
Sephadex stimulation.
Represents percentage of macrophages and heterophils scored out of
approximately 300 adherent cells per coverslip.

=

=
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Table 9. Phagocytosis of opsonized sheep red blood cells by abdominal
macrophages of broilers fed corn oil, fish oil, and fish oil + zinc under
thermoneutral or heat stress conditions. 1
Diets2

Temp. 3

% Phagocytic
macrophages4

No. of SRBC per
phagocytic macrophage

Corn oil

TN
HS

36.84
31.34

4.73
3.44

Fish oil

TN
HS

39.09

5.96

Fish oil + Zinc

TN
HS

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Corn oil
Fish oil
Fish oil + Zinc
Temp.
TN
HS

38.98

4.88

40.92

5.93

38.82
1.81

5.30
0.25

------Probabilities-----0.0003
0.0001
0.0307
0.0001
0.4198
0.1732

34.09b
39.03 3
39.87 3

4.09b
5.42 3
5.61 a

38.95 8
36.38b

5.54 8
4.54b

1

Values are least square treatment means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.
3
TN = thermoneutral temperature environment, HS = heat stress temperature
environment.
4
Macrophages with engulfed opsonized SRBC were scored out of 300 cells per
coverslip.
a, b Means within columns with different superscripts differ significantly (P<0.05).
2
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Table 10. Phagocytosis of unopsonized sheep red blood cells by abdominal
machophages of broilers fed com oil, fish oil, and fish oil+ zinc under
thermoneutral or heat stress conditions.1
Diets2

Temp.3

% Phagocytic
macrophages4

No. of SRBC per
phagocytic macrophage

Com oil

TN
HS

29.03
25.80

1.78
1.56

Fish oil

TN
HS

33.01
31 .95

2.24
1.95

Fish oil+ Zinc

TN
HS

35.23
33.58
1.46

2.34
2.00

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Corn oil
Fish oil
Fish oil + Zinc
Temp.
TN
HS
1
2

3

------Probabilities-----0.0002
0.0004
0.1277
0.0063
0.9078
0.7774

27.41 b
32.48a
34.41 a

1.67b
2.10 8
2.17 8

32.42
30.44

2.12a
1.84b

Values are least square treatment means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.

=

=

TN thermoneutral temperature environment, HS heat stress temperature
environment.
4
Macrophages with engulfed unopsonized SRBC were scored out of 300 cells
rer coverslip.
a, Means within columns with different superscripts differ significantly (P<0.05).
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Table 11. Plasma and tibia zinc concentration of broilers fed corn oil, fish oil, and
1
fish oil + zinc under thermoneutral or heat stress conditions.
Diets2

Temp.3

Tibia
((:!gig bone ash}
416.84
426.25

Plasma
((:!g/dl elasma}
274.80
212.08

Corn oil

TN
HS

Ash
(%)
47.93
48.95

Fish oil

TN
HS

51.83
52.37

359.92
366.23

279.77
176.99

Fish oil + Zinc

TN
HS

51.48
52.04

379.71
382.71

190.39
202.22

0.0001
0.2423
0.9337

Probabilities
0.0001
0.3815
0.9337

0.4962
0.1270
0.3622

48.44b
52.10 3
51 .76 a

421.55 3
363.08 C
381.21 b

243.44
228.38
196.30

50.41
51 .12

385.49
391.73

248.32
197.10

Pooled SEM
Source of Variation
Diet
Temp.
Diet x Temp.
Main Effect Means
Diet
Corn oil
Fish oil
Fish oil + Zinc
Temp.
TN
HS
1

Values are least square treatment means. Data from 18 birds per treatment per
temperature environment.
2
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.
3
TN thermoneutral temperature environment, HS heat stress temperature
environment.
a, b, c Means within columns with different superscripts differ significantly
(P<0.05).
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Table 12. White blood cell count and heterophil/lymphocyte ratio of broilers fed
corn oil, fish oil, and fish oil+ zinc under thermoneutral or heat stress conditions.1
Diets 2

Temp. 3

White
Het.
28.00
32.33

Blood Cells"
Mon.
Eos.
3.00
6.67
4.33
4.00

H/L5
0.49
0.59
0.81
0.51
0.22
0.37
0.13

Corn oil

TN
HS

Lym.
60.67
58.33

Fish oil

TN
HS

47.00
63.00

38.00
29.67

5.00
3.67

7.50
1.67

Fish oil+ Zinc

TN
HS

70.67
64.67
5.04

23.67
15.33
5.64

5.33
3.67
1.10

6.00
6.67
2 .61

0.0808
0.5490
0.1250

0.0672
0.7606
0.3651

59.50
55.00
67.67

30.17
33.83
19.50

3.67
4.33
4.50

5.33
4.58
6.33

0.54 ab
0.66a
0.29b

59.44
62.00

27.11
28.56

4.44
3.89

6.72
4.11

0.51
0.49

Pooled SEM
Source of Variation
Diet
Temp.
DietxTemp.
Main Effect Means
Diet
Corn oil
Fish oil
Fish oil + Zinc
Temp.
TN
HS

Probabilities ----------------0.7102
0.8193
0.0538
0.5645
0.2657
0.8785
0.3447
0.5227
0.2668

1

Values are least square treatment means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil + 100
mg/kg zinc.
3
TN thermoneutral temperature environment, HS heat stress temperature
environment.
4
No basophils were found in blood smear.
5
Ratio of heterophil to lymphocyte as an indicator of stress.
a, b Means within columns with different superscripts differ significantly (P<0.05).
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Table 13. Plasma fatty acid profile of broilers fed corn oil, fish oil, and fish oil +
zinc under thermoneutral or heat stress conditions.1
Diets2
Corn oil

TN
HS

Fatty acids4
{~g/ml}
C 16-0 C 18-0 C 18-1 C 18-2 C 18-3 C20-4
11 .16 44.85
0.03
3.84
27.90
12.27
29.61
15.59
10.50 41.54
0.03
3.17

Fish oil

TN
HS

40.90
41 .26

11 .16
13.33

10.26
10.11

26.11
23.69

Fish oil + Zinc

TN
HS

43.13
45.39
2.72

10.36
13.50
1.65

11 .38
10.27
1.15

25.09
22.07
2.30

Pooled SEM

Temp. 3

Source of Variation
Diet
Temp.
Diet x Temp.
Main Effect Means
Diet
Corn oil
Fish oil
Fish oil + Zinc
Temp.
TN
HS

0.07

0.03

C 20-5

0.38
0.11

6.48
7.38

0.03
0.33
0.31

4.54
4.1 2

Probabilities
0.0001 0.4386 0.7906 0.0001 0.5011 0.0001 0.0001
0.4900 0.0367 0.4735 0.1242 0.3921 0.4018 0.7659
0.9273 0.9315 0.9075 0.9806 0.4562 0.3008 0.5661

28.75b 13.93
41.08a 121.25
44.26a 11 .93

10.83
10.18
10.83

43.19a
24.90b
23.58b

0.03
0.04

3.50a
0.25b
0.18b

6.93a
4.33b

11 .26 b
14.14 a

10.93
10.29

32.02
29.10

0.04
0.01

1.42
1.20

3.67
3.83

37.31
38.75

1

Values are least square treatment means. Data from 18 birds per treatment.
Fish oil (Menhaden) stabilized with the antioxidant ethoxyquin. Fish oil+ 100
mg/kg zinc.
3
TN= thermoneutral temperature environment, HS= heat stress temperature
environment.
4
Fatty acids are denoted by the number of carbons followed by number of
double bonds.
a, b Means within columns with different superscripts differ significantly (P<0.05).
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Figure 1. Total anti-sheep red blood cell antibody titers (primary) of broilers fed
corn oil , fish oil, and fish oil+ zinc under thermoneutral or heat stress conditions
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Figure 2. Anti-sheep red blood cell lgM antibody titers (primary) of broilers fed
corn oil , fish oil, and fish oil + zinc under thermoneutral or heat stress conditions
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Figure 3. Anti-sheep red blood cell lgG antibody titers (primary) of broilers fed
corn oil , fish oil , and fish oil + zinc under thermoneutral or heat stress conditions
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Figure 4. Total anti-sheep red blood cell antibody titers (secondary) of broilers
fed corn oi l, fish oil, and fish oil+ zinc under thermoneutral or heat stress

conditions
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Figure 5. Anti-sheep red blood cell lgM antibody titers (secondary) of broilers fed
corn oil , fish oil, and fish oil+ zinc under thermoneutral or heat stress conditions
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Figure 6. Anti-sheep red blood cell lgG antibody titers (secondary) of broilers fed
corn oil , fish oil , and fish oil+ zinc under thermoneutral or heat stress conditions
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C

Figure 7. Activated macrophages. C and D- Several activated
macrophages with no phagocytosis. Mostly found in heat
stress birds that showed limited phagocytic activity.
Wright-Geimsa stain. Magnification 1400X.

D
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Figure 8. Phagocytic Macrophages. A and B- very active
phagocytic abdominal macrophages with numerous
internalized SRBC. These were typical of the fish oil diets.
Wright-Geimsa stain. Magnification 1400X.

C

174

A

Figure 9. Activated macrophages taken from heat stressed
broilers. A and B- only few showing phagocytic activity
with a drastic reduction in the number of internalized SRBC.
Wright-Geimsa stain. Magnification 1400X.
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A

Figure 10. Phagocytosis of unopsonized SRBC. A and B

show fewer number of internalized SRBC than opsonized
cells. Wright-Geimsa stain. Magnification 1400X.

B
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Figure 11. Some leukocytes in peripheral blood of broilers.

A-Heterophil; 8- Right arrow shows small mature
lymphocyte, and left arrow indicates a heterophil; CHeterophil. Wright-Geimsa stain. Magnification 1400X.
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Figure 12. A toxic heterophil exhibiting vacuolization of the
cytoplasm. This was taken from a bird that was exposed to
heat stress conditions. These are generally found in birds that
are suffering from some kind of inflammatory diseases, bums,
or bacterial infections. It usually affects the normal functions of
the cell. Magnification 3050X.
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B

Figure13. Leukocytes. B- monocyte: C- small Lymphocyte.
Wright-Geimsa stain. Magnification 1400X.
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PARTS
APPENDIX 1

Laboratory Techniques used in this Project
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PROCEDURES
Antibody testing: Mercaptoethanol-PBS microtitration technique for antibody

response to sheep red blood cells (SRBC).
Purpose: To demonstrate differences in lgG and lgM levels and overall

response following immunization/challenge with SRBC.
Reagents and Equipment: heat inactivated sera

.85% saline
2- 2.5% SRBC suspension
PBS
.2M mercaptoethanol solution (ME)
(.7 ml 2-ME + 99.3 ml PBS)
Microtitration plates (96 well V- bottom)
Microdiluter
Test reading mirror
Procedures:

A.

Procedure for 1st plate (PBS titers)
1.

Day before: adjust incubator to 37 C

2.

Heat inactivate serum samples in 56 C water bath for 30
minutes

3.

Drop 50 µI of PBS in 1st row of wells

4.

Add 50 µI of sera in 1st wells with PBS

5.

Cover wells with plate sealer strips

6.

Incubate plates for 30 minutes at 37 C

7.

Remove plates from incubator and add 50 µI of PBS to all
remaining wells

8.

Make 50 µI serial dilutions with microdiluter
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9.

Add 50 µI of 2.5% SRBC to all wells

10.

Cover plate with plate sealer and incubate for 30 minutes at
37C

11 .

B.

Read immediately by holding over mirror

Procedure for 2nd plate (ME titers)
1.

Drop 25 µI of PBS and 25 µI of ME solution to 1st row of
wells

2.

Add 50 µI of sera to wells with PBS and ME

3.

Cover wells with sealer and incubate for 30 minutes at 37 C

4.

Remove plates and add 50 µI of PBS to all remaining wells

5.

Dilute samples as before

6.

Add 50 µI of 2.5% SRBC suspension to all wells

7.

Cover plates and incubate for 30 minutes at 37 C

8.

Titers are read as ME-resistant (ME-R) titers. The MEsensitive (ME-S) titers are the difference between the PBS
and the ME-R readings. PBS - ME-R = ME-S

Sepahdex G-50 Preparation

For 50 ml final volume of 3% solution :
1.5 g powdered Sephadex G-50
Sterile conical tubes
Sterile water
.85% sterile saline
1.

Add Sephadex into 50 ml sterile water

2.

Place in refrigerator overnight to swell

3.

Next morning wash twice with sterile water and once with saline
( 1500 rpm for 5 minutes each wash

4.

Resuspend in saline to 50 ml
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Sephadex Injection:
22 guage 1" needle
70% alcohol
1.

Weigh individual bird and record weight and amount of Sephadex
given (1ml/100 g body weight)

2.

Place bird on its back and remove feathers from abdominal area
and clean with alcohol

3.

Direct the needle towards the bursa and inject Sephadex. Massage
the area after injection

4.

Let stay for approximately 42 hours

Harvesting AEC:
Scalpel
70% alcohol (368 ml 95% ethanol + 132 ml dH2O)
ice
Sterile heparinized saline (500 µI heparin/liter .85% saline)
15 ml siliconized test tubes
syringes attached to fabricated harvester
1.

Kill chicken by cervical dislocation

2.

Place bird on its back and clean abdomen with alcohol

3.

Select an area with as few blood vessels as possible and make a
small incision (~ 1 cm)

~ 30 ml strerile heparinized saline to flush cavity

4.

Add

5.

Collect exudate into two siliconized tubes on ice (sample should be
cloudy and not contain any blood)

6.

Let tubes stand for about 20 minutes so debris can settle

7.

Pi pet exudate into clean tubes
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Macrophage Monolayer Preparation:

RPMl-1640 culture medium
35 mm petri dishes
13 mm sterile tissue culture grade glass coverslips
sterile saline
forceps
1.

Centrifuge tubes containing abdominal exudate at 1500 rpm at 8 C
for 15 minutes

2.

Remove supernatant and resuspend cells in 5 ml RPMl-1640
medium + 1% antibiotics

3.

Take 10 µI of sample and add 10 µI of .4% trypan blue. Place 10 µI
of that mixture on hemacytometer to count cells.

4.

Flame forceps and coverslips and place 4 coverslips in petri dishes.
There should be 3 dishes per sample. Add 1 ml of sample to one
dish for adherence index (Al)

5.

Dilute the remaining samples to a concentration of 1-2 x 106
cells/ml

6.

Add 1 ml of this to each of the two other dishes for opsonized and
unopsonized phagocytosis

7.

Incubate plates at 41 C at 5% CO2 for 1 hour

8.

Remove plates and wash Al coverslips under hood with sterile
saline and place in methanol for 10 minutes to fix cells. Proceed to
staining.

Phagocytosis Assay:

1.

Remove culture medium from the other two dishes and immediately
add 1 ml of opsonized SRBC to one, and 1 ml of unopsonized
SRBC to the other

2.

Incubate dishes at 41 C at 5% CO2 for 1 hour
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3.

Remove dishes and wash coverslips under hood with sterile saline
to remove free SRBC

4.

Place coverslips in methanol for 10 minutes to fix cells and then
proceed to staining

Preparation of opsonized and unopsonized SRBC:
A.

Collection and Preparation of SRBC:

1.5' 16G needles (sterile)
sterile blood collection bottles
70% isopropyl alcohol
cotton gauze
.90% and .85% saline
3% potassium oxalate solution (30 g K-oxalate in 1 I of .85% saline)
Alsever's solution
a.

Collect blood from jugular vein of sheep by letting blood flow
through the needle into the bottle containing I ml of K-oxalate
solution/SO ml blood . Allow blood to run slowly down side of
bottle. Gently invert bottle to mix

b.

Spin blood in refrigerated centrifuge at 1200 rpm at 4 C for
20 minutes. Remove supernatant and resuspend cells in 5
volumes of .90% saline

c.
B.

Wash cells 2-3 more times or until supernatant is clear

Storage of SRBC:
a.

Do a final wash in Alsever's solution

b.

Store in refrigerator in about 10 volumes of Alsever's
solution at 4 C

C.

A/severs Solution:

20.Sg

a.

Dextrose

b.

Sodium Citrate x 2H2O
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8.0 g

C.

Sodium Chloride

4.2 g

d.

Citric acid

0.55 g

e.

Distilled water

X

1H2O

1L

Sterilize by filtration
D.

Preparation of Antigen solution from stored SRBC:

a.

Gently invert bottle to resuspend cells. Spin at 1200 rpm at 4
C for 10 minutes

b.

Wash 2-3 times in .90% saline or until supernatant is clear

c.

Remove supernatant and pipet 7 ml of packed SRBC into
100 ml flask containing 50 ml of .85% saline. Fill to volume
to make 7% SRBC suspension

d.
E.

Solution is now ready for injection

Injection of SRBC for anti-SRBC serum:

22G 1" needles
alcohol swabs
a.

Inject 1 ml of 7% SRBC into jugular vein of animal (quail),
first injection

b.

After 7 days, bleed quails for primary antibody assay

c.

Ten days after first injection, inject again (secondary
immunization)

d.

After 3 days, bleed birds

e.

Let blood stand to yield maximum sera, or leave on

refrigerator overnight. Pipet off serum. Serum is now ready
for opsonizing the SRBC.
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F.

Unopsonized SRBC:

a.

Remove SRBC from refrigerator and pipet off Alsever's
solution

b.

,

Wash twice in .90% saline at 1200 rpm at 10 C for 15
minutes

c.

Prepare 1% SRBC concentration in RPMl-1640 culture
medium

d.

Unopsonized SRBCs are now ready to feed to the
macrophages

G.

Opsonized SRBC:

a.

Prepare same as above, but add 2 µI of anti-serum/ml of the
1% SRBC solution

b.

Incubate 'in 37 C water bath for 30 minutes. Gently invert
tubes for coating

c.

Remove and spin at 1200 rpm at 10 C for 10 minutes

d.

Remove supernatant and wash pellet again in RPMl-1640

e.

Remove supernatant and resuspend in required volume of
RPMl-1640 culture medium

f.

Cells are now opsonized and ready to feed
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